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ABSTRACT: Aqueous droplets acquire charge when they
contact electrodes in high voltage electric fields, but the exact
mechanism of charge transfer is not understood. Recent work by
Elton et al. revealed that electrodes are physically pitted during
charge transfer with aqueous droplets. The pits are believed to
result when a dielectric breakdown arc occurs as a droplet
approaches the electrode and the associated high current density
transiently locally melts the electrode, leaving distinct crater-like

90
60
deformations on the electrode surface. Here we show that the Eg
droplet conductivity strongly modulates the pitting morphology ~ °
but has little effect on the amount of charge transferred. Electron Y 715

5 1

and atomic force microscopy shows that deionized water pm> 26 2%pm
droplets yield no observable deformations, but as the salt

concentration in the droplet increases above 107> M, the deformations become increasingly large. The observed intensity of the
flash of light released during the dielectric breakdown arc also increases with droplet conductivity. Surprisingly, despite the large
difference in pitting morphology and corresponding arc intensity, droplets of any conductivity acquire similar amounts of charge.
These results suggest that the energy transferred during dielectric breakdown is primarily responsible for electrode pitting rather
than the total amount of energy released during charge transfer.
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B INTRODUCTION

A variety of applications involve the control of charged water
droplets in electric fields. Industrially, electrocoalescence is used
to enhance the phase separation of water in oil. Coulombic

forces between oppositely charged water droplets induce

coalescence, and the larger droplets sediment more rapidly.' occurring when the droplet moved sufficiently close tolthe

The control of charged droplets is also of interest in electrode. Since the droplet and electrode are oppositely

microfluidic devices. >’ 9 charged prior to contact, the electric field increases dramatically
)

where droplet coalescence™ or ) 4
movement'®™® can be controlled through application of as the droplet—electrode gap distance decreases.”™ Once the
electric fields. For example, application of an electric field can .elecmc. ﬁeld_ in the gap exceeds the breakdown strength .Of the
lead to droplets coalescing at a T-junction where droplets insulating oil, the breakdown event occurs. The formation of

the observed electrode deformations was attributed to a two-

would otherwise not coalesce.'* In addition, electric fields are
step process where the electrode material first melted via Joule

used in a variety of other apglications in microfluidic devices ) ) i !
including droplet formation,® surface dewetting,' sorting and heating due to the high current densities present during the
breakdown event. Expansion of the plasma jet of the

: 16,17 . 18 . )
electroporation of cells, solute delivery, ° increasing
breakdown arc then pushed the molten material radially

mixing,lg’20 and simulation of emulsion electric properties.21 ) 1o
Although there are multiple applications involving charged outward where it th2e3n cooled and solidified to form craters.
A scaling analysis™ indicated that the crater diameter scaled

droplets, it remains unclear how exactly droplets acquire charge ) -

when they contact an electrode. Previous workers have with th?/gube root of the charge transferred to the droplet (i.e.,

hypothesized that electrochemical reactions involving water d ~ Q). However, subsequent work revealed that charge
transfer to deionized water droplets did not produce similar

and the electrode metal were responsible for the net charge _ > ot
acquired by the droplet,4’17’22 but to date no evidence has been craters, despite the droplets acquiring similar amounts of

high conductivity (pH 7 buffer) aqueous droplets and were
approximately 0.5 ym in diameter and up to 50 nm deep.
Importantly, a flash of light was observed to be emitted as a
droplet approached the electrode.”” The flash of light was
interpreted in the context of dielectric breakdown (arcing)

presented of electrochemical changes to either the droplet or
electrode surface consistent with this mechanism. Recently,
Elton et al. observed that electrodes were physically pitted
during charge transfer with aqueous droplets.”” The crater-
shaped deformations formed during the charging of relatively
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charge.”” Instead, the electrodes appeared unchanged by the
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charging process. It presently remains unclear why craters
formed during charge transfer to pH 7 buffer droplets but not
deionized water droplets.

In this work, we systematically vary the droplet conductivity
and report on changes in crater and bump formation on
electrodes during charge transfer and corresponding changes in
dielectric breakdown intensity. Scanning electron microscopy
(SEM) and atomic force microscopy (AFM) measurements
show that different conductivity droplets produce a variety of
electrode pitting morphologies. Both the magnitude of the
electrode deformation and dielectric breakdown intensity
increase as the droplet conductivity is increased. Despite the
large change in deformation morphology and corresponding
change in dielectric breakdown intensity, however, aqueous
droplets of all conductivities acquired similar amounts of
charge. We interpret the observed changes in electrode
deformation morphology in the context of an increase in heat
released during the dielectric breakdown event as droplet
conductivity is increased. Finally, we use these observations to
provide insight into the fundamental charge transfer mecha-
nism and offer some practical applications for devices and
future investigations.

B EXPERIMENTAL METHODS

The experimental setup was similar to that used in previous
investigations.z‘%’25 Thin gold film electrodes 1 mm wide, 20 mm
long, and 50 nm thick were deposited on glass substrates using
standard photolithographic techniques. For each experiment, two new
electrodes were placed in a plastic cuvette with nonconductive spacers
at the top and bottom and filled with 100 cSt silicone oil. One
electrode was connected to a high voltage supply (Trek 610E). The
other was grounded through an electrometer (Keithley 6514) used to
measure the current flowing through the system (Figure 1, top). After
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Figure 1. Top: schematic of experimental setup (not to scale).
Bottom: representative images from a high-speed video of a 3.5 uL 0.1
M KCI droplet approaching, making apparent contact with and
departing from an electrode. The red arrows indicate the direction of
droplet motion. Scale bar is 1 mm. See also the movie in the
Supporting Information.

the electrical connections were made to the cuvette, but prior to
droplet insertion, a Zerostat 3 antistatic gun was used to remove static
charge on the exterior of the cuvette.

After the high voltage was applied, a 3.5 L droplet was pipetted
between the electrodes using a micropipet. The droplet is initially
drawn toward one of the electrodes where it makes contact, becomes
charged, and is repelled toward the opposite electrode where the
process repeats (see Supporting Information movie). The density
difference between the oil and droplet caused the droplet to slowly
settle toward the bottom of the cuvette. When the droplet was close to
the end of the electrodes, positive dielectrophoretic forces kept the
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droplet from moving any lower,”® and the droplet bounced in
approximately the same location for the remainder of the experiment.
A high-speed camera (Phantom v7.3) was used to visually observe the
droplet with a frame rate of 500 frames/s, while the analogue signal
from the electrometer was recorded using a data acquisition card at a
sampling frequency of 50 kHz. Droplets were typically allowed to
bounce for 30 min, representing thousands of charge transfer events.
At the end of each experiment, the droplet was removed with a pipet
and the electrodes were washed with hexane, acetone, and water to
remove the silicone oil.

Figure 1, bottom, shows representative still images from a high-
speed video of a 3.5 uL 0.1 M KCl droplet approaching, contacting,
and departing from an electrode. The droplet deforms to form a
pointed tip known as a Taylor cone as it approaches the electrode.””
This important characteristic of droplet deformation behavior that has
been widely reported previously; ¥ %'>!17/182223:2528 J1qwever, charge
transfer can occur between electrodes and conducting particles of
other shapes.'”*****73! The main goal here is to investigate the role
of droplet conductivity on charge transfer and electrode deformation
during charge transfer events.

We observed the electrical bouncing of aqueous droplets with a
range of conductivity between 0.001 and 113 mS/cm. Droplet
conductivity was controlled through the addition of potassium
chloride (KCl) in varying concentrations to deionized water. The
conductivity of the bulk solution was measured immediately prior to
each experiment.

The charge on the droplet was determined using a standard force
balance technique.'®***® In brief, during periods of constant velocity,

the electrostatic force (F; = QE) is balanced with the drag force (Fp =

4AzpaU). The resulting droplet charge is given as Q = %

is the oil viscosity, a the droplet radius, U the droplet velocity, and E
the applied electric field. The Hadamard—Rybczynski correction factor
A is 1 since the viscosity of the water droplet is much less than that of
the surrounding silicone 0il.>>** The electric field is approximated as E
= V/H, where V is the applied voltage and H is the distance between
the electrodes. For all experiments outlined here, the applied voltage
was 3.3 kV, yielding a nominal electric field of 4.1 kV/cm. The droplet
velocity was determined using standard image analysis algorithms to
detect the change in centroid position of the drop between each frame
of the recorded high-speed video.

A photomultiplier tube (PMT) was also used to quantify the light
intensity of the dielectric breakdown event as the droplet approached
the electrode. During these experiments, it was not possible to
simultaneously visually observe the droplet and measure the
breakdown light intensity, so the droplet charge could not be
estimated using the above force balance technique. Instead, we
performed a nonlinear regression of a model of the system current to
the observed current to extract the droplet charge using a
methodology described elsewhere.”® This technique does not depend
on visual observation of the droplet, although the droplet radius was
estimated via the ostensible droplet volume.

Electrodes were washed with hexane, acetone, and water to remove
the silicone oil after each experiment. Scanning electron microscopy
(SEM) images of the electrode surfaces were taken using an FEI Scios
DualBeam SEM with a S kV accelerating voltage. Atomic force
microscopy (AFM) images were using at Veeco Multimode AFM in
tapping mode.

, where u

B RESULTS

Examination of all electrodes after experimentation did not
reveal any changes visible to the naked eye. Under optical
microscopy examination, however, subtle visible changes were
observed on the positive electrodes on which high conductivity
droplets (0.1 and 1 M KCl, 11.8 and 113 mS/cm) were allowed
to charge (Figure S1), which is similar to previous reports.”
No other electrodes exhibited changes visible via standard
optical microscopy.
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Figure 2. Deformation morphology versus droplet conductivity. SEM images (top row) and AFM images (second row) of deformations formed on
positive electrodes (a) and negative electrodes (b) during the charging of aqueous droplets of various KCI concentrations. SEM images show many
deformations while AFM images show only a single deformation. Droplet KCl concentration and measured conductivity are displayed above each

column. Scale bar is 5 pm for all images.
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Figure 3. Representative height profiles of deformations formed on positive (top row) and negative (bottom row) electrodes. Profiles were extracted
from AFM images of individual deformations. Deformations are only observed to form below the surface of the electrode on positive electrodes with
0.1 and 1 M KCl droplets. No deformations were observed for form on the surface of electrodes during the charging of deionized water droplets.
Droplet KCI concentration and measured conductivity are displayed above each column.

Higher magnification scanning electron microscope (SEM)
images of the electrode surfaces reveal changes to the
electrodes (Figure 2), with the type of change dependent on
the droplet conductivity. On both positive and negative
electrodes, there are no apparent changes to the surface of
the electrode after low conductivity (0.001 mS/cm) deionized
water droplets were allowed to charge. Faint darker areas are
present on the positive electrodes on which intermediate
conductivity (0.001 and 0.01 M KCl, 0.155 and 1.45 mS/cm)
were bounced. The radius of the dark regions is approximately
the same (0.65 ym) for all droplet conductivities (Figure S2),
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although the regions become darker and more pronounced as
the droplet conductivity increases. Finally, craters (as opposed
to the “bumps” observed at lower conductivities) were
observed on the positive electrodes on which high conductivity
(0.1 and 1 M KCI, 11.8 and 113 mS/cm) droplets were
bounced. The craters are larger for higher conductivity droplets.
We emphasize that the intermediate conductivity droplets did
not yield the deep craters observed from the charging of higher
conductivity droplets.

A similar trend is also observed on the negative electrode,
albeit without any crater formation under the conditions tested
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Figure 4. Deformation dimensions vary with droplet conductivity. (a) Average deformation height and depth observed from AFM images of
individual deformations created on positive (red) and negative (blue) electrodes during the charging of aqueous droplets of various KCl
concentrations. The height and depth reported for deionized water droplets (0 M KCIl) represent typical variation in electrode surfaces as measured
using AFM. Error bars represent one standard deviation from the mean. (b) Average deformation diameter on positive (red) and negative (blue)
electrodes as determined from image analysis of AFM images of individual deformations. No deformations were observed to form during the
charging of deionized water droplets. Error bars represent one standard deviation from the mean.

here (Figure 2b). While there are no apparent changes to the
negative electrode on which deionized water droplets were
bounced, faint dark areas appear on electrodes on which
intermediate conductivity droplets were bounced. Again, the
dark areas become more pronounced as the droplet
conductivity increased. Large and apparently overlapping
features appear on the negative electrodes on which high
conductivity droplets were bounced.

Importantly, for all electrodes, the observed changes were
only present in a relatively small area of the electrode,
presumably in the immediate vicinity of where the droplet had
been bouncing. The electrode surface outside of this area
appeared unchanged. Control experiments in which electrodes
were placed in an oil filled cuvette with an applied voltage, but
no droplet revealed no changes to the electrode surface. Finally,
examination of the chemical composition of the electrode
surface using energy dispersive spectroscopy (EDS) did not
show any discernible chemical changes to the surface of the
electrode, despite the apparent physical changes.

The morphology of the bumps and craters was determined
using tapping mode atomic force microscopy (AFM) (cf.
Figures 2 and 3). The AFM images confirm that there are no
changes to the surface of electrodes on which deionized water
droplets were allowed to charge; the AFM images of these
electrodes are similar to those of unused electrodes. As the
droplet conductivity is increased, small bumps (0.001 M KCI)
and then uneven bumps (0.01 M KCl) began to form on the
surface of both positive and negative electrodes. Craters are
observed to form on positive electrodes as the result of charge
transfer with 0.1 and 1 M KCl droplets. In contrast, no craters
were observed to form on the surface of the negative electrode.
Instead, uneven bumps were observed to form as a result of the
charging of KCI droplets on negative electrodes.

Figure 4 shows the average maximum height, depth, and
width of the deformations formed on positive and negative
electrodes by the charging of different conductivity droplets. In
general, the maximum height of the craters and bumps on
positive electrodes increases as the conductivity of the bounced
droplet increases (Figure 4a). On negative electrodes, the
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bumps consistently rise to around 40 nm above the surface of
the electrode regardless of the conductivity of the droplet. The
small bars in Figure 4a for deionized water droplets (0 M KCI)
represent the typical 3—4 nm variations in height found on the
surface of all electrodes. Similar variations were found on
recently fabricated (unused) electrodes. The average crater or
bump diameter, found using standard image analysis algorithms
to identify the enclosed area of the region that rose above the
surface of the electrode, increases from less than 0.5 ym to as
high as 2.4 ym on both positive and negative electrodes as the
conductivity of the droplet increased (Figure 4b).

Measurements of the droplet charge from analysis of the
recorded high-speed video of droplet transit indicate that
despite the S orders of magnitude difference in droplet
conductivity, all droplets acquired similar amounts of charge
(Figure S). Each marker in Figure S represents an individual
experiment (unique droplet and electrodes), with each
experiment consisting of approximately 200 individual charge
transfer events. There is significant trial-to-trial variability in
these measurement, which may be due to changes in the
electric field from small changes in the exact electrode
placement or from static charge on the surface of the cuvette.’*
The trial-to-trial variation in charges measured at one
concentration are larger than any systematic difference across
all concentrations. There is no apparent correlation between
droplet conductivity and the amount of charge transferred to
droplets.

Our previous report of crater formation on electrodes during
charge transfer with aqueous droplets revealed flashes of light
consistent with dielectric breakdown as the droplet approached
the electrode.”® Here, we also observed evidence of dielectric
breakdown occurring as droplets approached the electrode, as
indicated by similar flashes of light detected by a photo-
multiplier tube (PMT) focused on the droplet/electrode
interface as the droplet approached the electrode. Peaks in
the PMT current indicating a release of light were observed
simultaneously with peaks in the current flowing through the
electrometer (i.e., the “system current”) when the droplet was
in view of the PMT (Figure 6a,b). A crucial observation is that
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Figure S. Average positive (red) and negative (blue) charge acquired
by 3.5 uL aqueous droplets of different KCI concentrations bouncing
between electrodes in a 0.4 kV/mm electric field. Experiments were
carried out in triplicate for each drop KCl concentration with unique
electrodes being used for each experiment. Each marker represents a
single experimental trial of approximately 200 charge transfer events.
Error bars represent one standard deviation from the mean.

the average intensity of the light released as the droplet
approached the electrode increased as the droplet conductivity
increased (Figure 6c). Qualitatively similar flashes of light
consistent with dielectric breakdown were observed at both
positive and negative electrodes regardless of electrode power
(at both grounded and high voltage electrodes). No evidence of
dielectric breakdown (i.e., no flashes of light) was ever observed
as deionized water droplets approached electrodes.

Even at higher conductivities, a flash of light was not
observed during every charge transfer event. Figure 6d shows
the percentage of charge transfer events during which a flash of
light was detected. In general, the percentage of charge transfer
events that produced flashes of light increased with droplet
conductivity. It is unclear why some charge transfer events
produced flashes of light while others did not. Regardless of
whether or not a flash of light was emitted, the droplet
underwent charge transfer and moved away from the electrode
afterward.

The maximum system current that was recorded as the
droplet contacted the electrode increased slightly as droplet
conductivity was increased (Figure 6e). It is unclear if this
increase is related to the increase in current during the
dielectric breakdown event or not; the increase is not always
observed when many trial replicates using different sets of
electrodes are used (Figure S3b). We also did not observe any
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Figure 6. Evidence of dielectric breakdown during charge transfer. (a) Representative system current (black) and photomultiplier tube (PMT)
current (red) recorded simultaneously as a 3.5 uL 1 M KCl droplet bounced between electrodes. Simultaneous peaks in the PMT current and system
current occur when the droplet approaches the electrode in view of the PMT. (b) Magnified view of the first peak in (a). (c) Average maximum
PMT current recorded as droplets approached electrodes. No flashes of light were observed during the charging of deionized water droplets (0 M
KCIl). Each data point is the average of at least 200 data points. (d) Average percentage of charge transfer events during which a flash of light was
observed as droplets of different KCI concentrations approached electrodes. Each bar represents the average of at least six individual trials of
approximately 90 bounces each. (e) Average maximum recorded system current and (f) average charge acquired by droplets of different KCI
concentrations acquired during contact with the electrode in view of the PMT. For all plots, error bars represent one standard deviation from the
mean. Data acquired at the positive electrode are red while data from the negative electrode are blue.
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noticeable differences in the current peak width at half-height as
the droplet conductivity was increased (Figure S3c).
Importantly, the droplet charge did not increase as the droplet
conductivity increased (Figure 6f), and is thus not correlated to
dielectric breakdown intensity.

The results shown in Figures 2—6 were all obtained using
gold electrodes. To test whether craters are observed to form
on positive electrodes of other metals, we also fabricated
tungsten thin film electrodes. Tungsten was chosen because it
has an extremely high melting point temperature. When 0.1 M
KClI droplets are bounced between tungsten electrodes, bumps
are observed to form on the positive electrode (Figure 7). The
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Figure 7. SEM (top) and AFM (bottom) images of craters and bumps
formed on the surface of gold (left) and tungsten (right) electrodes by
the charging of a 0.1 M KCI droplet. SEM images show multiple
deformations while AFM images show one single deformation. Scale
bar is S um for both images.

bumps rise approximately 80—100 nm above the surface of the
electrode and are similar in diameter to the craters observed to
form on positive gold electrodes. Similar features to those
observed on negative gold electrodes are observed to form on
negative tungsten electrodes.

B DISCUSSION

Previous work by Elton et al. suggested that crater formation is
a two-step process.”” First, the electrode melts due to Joule
heating from high current densities present during charge
transfer. Second, expansion of the plasma jet present in the
dielectric breakdown event pushes the molten material outward
where it solidifies to form the crater. Dielectric breakdown is
key to the mechanism to provide both the high current density
necessary to melt the electrode as well as the radial momentum
to move the molten material outward.

The results presented here indicate that a variety of
morphologies can be formed on the surface of electrodes by
the charging of different conductivity droplets. Intermediate
conductivity droplets formed bumps on the surface of both
positive and negative electrodes during charge transfer. High
conductivity droplets also produced bumps on negative
electrodes but, in contrast to all other droplets, produced
craters on positive electrodes.
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It is apparent that the intensity of the dielectric breakdown,
as evidenced by light emission, is highly correlated to the
formation of bumps and craters on the surface of the electrode.
High intensity breakdowns are correlated to crater formation,
suggesting that lower intensity breakdowns provide enough
energy to deform the electrode, but not to melt it and form
craters. This hypothesis is supported by the formation of
bumps on the surface of positive tungsten electrodes when 0.1
M KCl droplets were bounced on them (cf. Figure 7).
Tungsten has a higher melting temperature than gold.
Assuming that similar amounts of energy are dissipated into
the electrode during charge transfer, the gold electrode will
melt but the tungsten electrode will not. The observation of
bumps forming on tungsten electrodes under conditions where
craters form on gold electrodes suggests that the electrode
material first bulges before melting and forming a crater.

What causes the electrode material to bulge prior to crater
formation? Qualitatively similar bumps and craters are observed
to form on thin gold films on glass substrates when irradiated
with nanosecond laser pulses.”>™>* At pulse energies below the
ablation level, small hollow bumps are observed to form on the
film surface. As the laser pulse energy is increased, the bumps
become wider and taller. At sufficiently high pulse energies,
craters qualitatively similar those observed here form.*>*® The
bumps and craters form from the thermal expansion of the solid
film pushing the center of the heated area upward and the
thermoplastic deformation of the heated film, leading to the
observed permanent deformations.”~*

We hypothesize that a similar process creates the bumps
formed during charge transfer with aqueous droplets. The solid
metal electrode film is rapidly heated leading to rapid thermal
expansion which causes the middle of the heated region to
move upward and rise off the substrate surface. The elevated
temperature of the film allows for it to plastically deform and
remain raised even after cooling.

Estimates of the thermal expansion distance of the solid
metal film suggest that a large enough area of the electrode is
heated for the film to expand to the final observed shape. For
the smallest bumps observed, a total expansion of 4 nm is
needed to push the film to the observed dimensions (see
Supporting Information for details). The total temperature
change AT needed to produce an expansion of 4 nm can be
found by"

_ AR
aR

AT )
Here R is the total heated radius, AR is the total thermal
expansion distance (4 nm), and « is the thermal expansion
coeflicient of the material. While we cannot directly observe the
width of the plasma beam in our experiments, we estimate R by
measuring the radius of the dark region surrounding each crater
and bump in the SEM images (cf. Figure 2). We believe this is a
reasonable estimate of the plasma diameter since these features
are observed on all electrodes on which dielectric breakdown
was observed during charge transfer. The average radius of this
roughly circular region was 0.65 ym for all electrodes on which
droplets between 0.001 and 0.1 M KCl were bounced (Figure
S2). The dark region may result from changes in the grain
structure of the film during heating or possibly the deposition
of a thin layer of polymerized silicone oil onto the electrode
surface during charge transfer. Similar dark regions were
previously observed to form as a result of charge transfer to
metal particles.”’
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Substitution of appropriate values into eq 1 indicates that on
gold electrodes a circular region with a radius of 0.65 ym would
need to be heated to 465 °C to expand the 4 nm necessary to
produce the observed bumps, a temperature well below the
melting point of gold. To produce similar sized bumps on
tungsten electrodes the electrode would need to be heated to
1393 °C, which is below the melting point of tungsten but
higher than the melting point of gold. This result is consistent
with the notion that similar amounts of energy will lead to film
expansion and bump formation on tungsten electrodes while
melting and forming craters on gold electrodes.

A scaling analysis of the amount of energy released during
charge transfer suggests that enough energy is present to raise
the electrode to the needed temperatures. The amount of
energy released due to Joule heating is found by integrating the
power over the time period of charge transfer and can be
estimated as H & Pt & VIt & VQ, where V is the voltage
difference between the droplet and electrode, I is the current
flowing between the droplet and electrode, t is the time period
over which current flows, and Q = It is the charge acquired by
the droplet. We can estimate the surface potential of the
droplet by treating it as a conducting sphere containing the
measured charge (see Supporting Information for more
details). For a droplet carrying 100 pC of charge, the surface
voltage will be approximately 500 V, and H =~ 50 nJ. By
comparison, the heat needed to raise a volume of tungsten 0.65
pm in radius and 50 nm thick to 1393 °C is approximately 0.25
nJ, or 0.5% of the amount of energy released during charge
transfer. Even less energy (0.08 nJ) is needed to raise the same
volume of gold to 465 °C. This conservative scaling estimate
suggests that only a fraction of the charge acquired by the
droplet must be transferred via dielectric breakdown to heat the
electrode to the temperature needed for deformation.

This analysis neglects more complicated heating effects
including uneven heating in the plasma beam and heat diffusion
into the rest of the electrode film. It also assumes that the film
will expand similarly to bulk metal. Nonetheless, it suggests that
heating of the film via dielectric breakdown provides the
thermal expansion necessary to form the observed bumps.

The observed bumps and craters are believed to form during
the transient heating of the electrode via energy delivered by
the plasma during the dielectric breakdown event. During the
charging of low conductivity droplets, no dielectric breakdown
is observed, and no deformations are observed to form on the
surface of the electrode (Figure 8, top). When intermediate
conductivity droplets approach electrodes, weak dielectric
breakdown occurs, and the electrode film thermally expands
and forces the center to rise into the observed smooth bumps.
As the droplet conductivity is increased, the breakdown energy
increases, and the bumps become irregularly shaped (Figure 8,
middle). This may be caused by the partial melting of the metal
film as it expands. Variations in size, density, and temperature
of the plasma and heated silicone oil interacting with the
molten electrode could cause complex hydrodynamic effects,
resulting in the observed roughness. At sufficiently high
breakdown energies, such as those observed during the
charging of high conductivity droplets, the electrode film
melts completely and is pushed outward by the plasma to form
the observed craters (Figure 8, bottom).

It is clear that despite similar dielectric breakdown intensities
at both positive and negative electrodes (cf. Figure 6c), craters
are only formed by the charging of high conductivity droplets
on positive electrodes while the same droplets form bumps on
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Figure 8. Schematic of electrode deformation mechanism during
charge transfer with low, intermediate, and high conductivity droplets.

negative electrodes. This is true regardless of the polarity of the
powered electrode. While it is unclear why the polarity of the
electrode affects the shape of the observed bump or crater, it is
known that breakdown events move preferentially from positive
to negative surfaces,”"" so the positive electrode may have
more time to heat, melt, and proceed to crater formation during
the charge transfer event than the negative electrode. The exact
process of dielectric breakdown in oils is not well understood, *’
so more complex phenomena may also be occurring.

Previous work estimated the crater diameter from the
solution to the transient heat equation with a point heat
source.”” These estimates indicated that the crater diameter
scaled with the amount of charge transferred to the droplet to
the 1/3 power. It was assumed that the entire charge acquired
by the droplet was transferred through the dielectric breakdown
event. The results presented here indicate that while dielectric
breakdown is necessary for electrode deformation, only the
energy released during the dielectric breakdown leads to
electrode deformation, not the entire energy released during
charge transfer. This is consistent with the observation that
droplets of all conductivities acquire similar amounts of charge
regardless of the intensity of the dielectric breakdown or
electrode deformation morphology. It is difficult to estimate the
amount of energy released during the dielectric breakdown
since there are no noticeable differences in the recorded current
as the droplet conductivity is varied (cf. Figure S3). Previous
estimates of crater diameter included a fitting factor of 02>
consistent with the notion that using the entire energy released
during charge transfer provided an overestimate of the energy
needed for crater formation.

Finally, what causes the increase in dielectric breakdown
intensity as the droplet conductivity is increased? Our
experiments rule out the simple explanation that lower
conductivity droplets acquire less charge, which would lead to
a lower electric field strength between the droplet and
electrode. Measurements of the droplet charge instead indicate
that despite the 5 orders of magnitude change in conductivity,
all droplets obtained similar amounts of charge (Figure S). This
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result seemingly differs from previous work that indicated
higher conductivity droplets acquired less charge than lower
conductivity droplets, although the effect of droplet con-
ductivity was diminished for larger droplets in higher electric
fields.'® In our experiments, we use a much larger droplet than
the previous work (3.5 vs 1 L) and a high electric field (4.1 vs
44 kV/cm). Thus, the lack of difference in charge acquired by
different conductivity droplets observed here is broadly
consistent with this previous report.

Droplets were also observed to always acquire more positive
charge than negative charge. This is consistent with multiple
previous observations (see ref 25 for a review of these reports).
Recent work by Yang et al. suggests that the difference in
charge acquired may be due to uneven electric fields caused by
static charge on the plastic cuvette holding the electrodes since,
when the cuvette surface was wiped with isopropanol to
remove static charge, the observed charge disparity decreased.”
We used a similar experimental apparatus as Yang et al. but
made no attempt to measure or control any residual static
charge on the cuvette. On average, we observed a charge
disparity of approximately 200%, which is larger than the 25%
difference observed by Yang. It is unclear what is causing this
charge disparity, although residual static charge on the cuvette
or the glass substrate may be contributing. More work is
needed to fully understand all causes of this charge disparity.

Another possibility for the increase in dielectric breakdown
intensity as droplet conductivity increases is that the droplet
conductivity directly affects the ability of the droplet to provide
enough charge carriers rapidly enough to enable dielectric
breakdown. Similar increases in light intensity were observed
during dielectric breakdown between stationary solid electrodes
and charged aqueous solutions (i.e., more conductive solutions
produced brighter arcs than lower conductivity solutions).**™**
This behavior was attributed to changes in the charge relaxation
time of the liquid given by t, = e€,/0, where ¢ and e¢, are the
liquid conductivity and permittivity. As the liquid conductivity
increases, the charge relaxation time decreases, and charges are
able to move faster and sustain a more intense dielectric
breakdown event.*’

The qualitative similarity of the intensity of breakdown
events between stationary electrodes investigated previously
and the moving droplet and stationary electrode system studied
here suggests that a similar mechanism is operative. The
observed flashes of light occur over approximately 15 us or less,
suggesting that the charge relaxation time needs to be as fast or
faster for the droplets to provide enough charge to sustain
breakdown. In our experiments, the charge relaxation time
varies from 1075 to 107'° s as the droplet conductivity is
increased. This range of charge relaxation times suggests that
low conductivity droplets cannot provide enough charge
carriers to sustain dielectric breakdown in the microseconds
before the droplet contacts the electrode.

The effect of droplet permittivity was not explored in our
experiments, although lower permittivity droplets are expected
to have smaller dielectric breakdown intensities based on the
charge relaxation time. The droplet permittivity may also
influence the amount of charge the droplet acquires since the
charge relaxation time may limit the amount of charge the
droplet can acquire while in contact with the electrode.

B CONCLUSION

We examined the effect of droplet conductivity on the
formation of bumps and craters on electrodes during charge
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transfer. As the droplet conductivity increased, the observed
bumps became larger until, at sufficiently high conductivities,
craters were formed. No features were observed on electrodes
as the result of the charging of deionized water droplets. The
intensity of the dielectric breakdown which occurred as
droplets approach electrodes increased as the droplet
conductivity increased. At low breakdown energies, the
electrode film is not melted completely, and thermal expansion
of the solid film causes it to bulge upward, forming the
observed bumps. When the breakdown energy is sufficient to
melt the electrode film completely, the plasma jet pushes the
molten material outward to form craters.

The observations presented here offer insight into the basic
mechanism of charge transfer between electrodes and liquid
droplets. Although dielectric breakdown occurs between
electrodes and KCl droplets, breakdown is not needed for
droplet charging as evidenced by the charging of deionized
water droplets without any evidence of dielectric breakdown.
Furthermore, droplets acquire similar amounts of charge
regardless of the presence or intensity of dielectric breakdown.
This result suggests that some other process occurs during
droplet contact with the electrode to transfer charge. One
possibility is that electrochemical reactions, such as the
reduction and oxidation of water or of the electrode material,
lead to the net charge on the droplet.*'>**
does not elucidate what other mechanism is responsible for
droplet charging. More work is needed to fully understand the
complete droplet charging process.

Previous reports of light emission between two charged
droplet approaching each other in air suggest that a similar
mechanism for charge transfer involving dielectric breakdown is
also applicable for charge transfer between two droplets.*”*’
Importantly, previous work has revealed that the amount of
charge transferred between two droplets is largely independent
of droplet conductivity.” This is consistent with the results
presented here which suggest that the amount of charge the
droplet acquires is not dependent on the intensity of the
dielectric breakdown event. More research is needed to fully
examine the role of dielectric breakdown during charge transfer
between two droplets.

In terms of practical applications, the results shown here are
applicable to the design of lab-on-a-chip,”'* electrocoalescers,’
electrowetting,”" inkjet printers,”> and other devices”*” which
use electric fields to control charged droplets. For sufficiently
high droplet conductivities, thin electrodes may be significantly
degraded after continued use. This may be particularly
important for electrocoalescers which typically use salty water
to increase droplet coalescence.””” Importantly, it appears that
the bumps observed here do not affect the bulk electrode
function; that is, the entire electrode remains conductive when
covered in bumps. The local electric field, however, may be
disrupted which may affect the charge transfer between the
electrode and other objects. The disruption of the electric field
may complicate efforts to corroborate the prediction of the
theoretical maximum amount of charge a droplet or particle can
acquire from a planar electrode, since the electrode surface is
no longer planar.”****%*" Finally, the submicrometer size and
shape of the craters and bumps point to a possible mechanism
to pattern thin films on length scales current not afforded by
lithography and laser ablation techniques.”

The current work
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