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Abstract
Liquid-cell transmission electronmicroscopy (LC-TEM) is a useful technique for observing phenomena in liquid samples with spatial and temporal
resolutions similar to those of conventional transmission electronmicroscopy (TEM). Thismethod is therefore expected to permit the visualization
of phenomena previously inaccessible to conventional optical microscopy. However, dynamic processes such as nucleation are difficult to
observe by this method because of difficulties in controlling the condition of the sample liquid in the observation area. To approach this problem,
we focused on dielectrophoresis, in which electrodes are used to assemble particles, and we investigated the phenomena that occurred when
an alternating-current signal was applied to an electrode in an existing liquid cell by using a phase-contrast optical microscope (PCM) and TEM.
In PCM, we observed that colloidal particles in a solution were attracted to the electrodes to form assemblies, that the particles aligned along
the electric field to form pearl chains and that the pearl chains accumulated to form colloidal crystals. However, these phenomena were not
observed in the TEM study because of differences in the design of the relevant holders. The results of our study imply that the particle assembly
by using dielectrophoretic forces in LC-TEM should be possible, but further studies, including electric device development, will be required to
realize this in practice.
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Introduction
Liquid-cell transmission electron microscopy (LC-TEM), in
which a volatile liquid sample is separated from a vacuum by
electron-transparent membranes, is a technique that permits
the dynamic visualization of various phenomena in liquids
by TEM [1]. Although the spatial resolution of LC-TEM
depends on the material, the liquid thickness and the elec-
tron dose rate, resolutions of less than 1 nm can be achieved
[2], which is beyond that achievable optical microscopy gov-
erned, as it is, by the diffraction limit of visible light. The
phenomena that can be visualized include nucleation, i.e.
the formation of thermodynamically stable nuclei through
unstable clustering of molecules at a nanoscale. Because
nucleation is a nanoscale process, it cannot be visualized by
optical microscopy, whereas electron microscopy, with its
atomic spatial resolution, should be capable of visualizing
the moment of nucleation. LC-TEM has already been used
to capture the moment of crystal formation not only of met-
als [3,4] but also of calcium carbonates [5,6], protein crystals
[7], organic crystals [8], metal–organic frameworks [9] and
nanoprisms [10] among others. Some of these results sug-
gest that intermediate metastable phases, such as amorphous
phases, play an important role in the early stages of the for-
mation of stable crystalline phases, opening the door to the
unveiling of nucleation mechanisms.

On the other hand, it is still exceedingly difficult to capture
the moment of nucleation by LC-TEM for several reasons.
First, because nucleation is a spatiotemporally stochastic phe-
nomenon, it is difficult to predict exactly where and when it
will occur. Second, an increase in the magnification is gen-
erally required to observe nucleation in detail; this inevitably
reduces the size of the field of view, leading to a lower prob-
ability of capturing the nucleation event. Finally, the most
important issue to be resolved is the inability to control the
local conditions necessary to induce nucleationwithin the field
of view.

The basic strategy for promoting nucleation from a solu-
tion is to increase its supersaturation, which is expressed as
σ=C/Ce, where C is the concentration of the solute and Ce

is its solubility. Because the solubility depends on the tem-
perature, it is a common practice to control the degree of
supersaturation by means of precise temperature regulation at
around room temperature when investigating crystallization
by optical microscopy. However, precise control of tempera-
ture around the sample is difficult to achieve in TEM because
of technical issues; although the technology for TEM holders
in which the temperature can be controlled in the cryogenic
and high-temperature regions has matured, the technology
required for precise control (±0.1◦C) of temperatures near
room temperature, especially in the cooling direction, is still
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under development. It is therefore highly desirable to establish
a method for precisely controlling local conditions to promote
nucleation at the scale of the field of view of LC-TEM.

Currently, one effective method for changing the local
supersaturation in the observation field in LC-TEM is through
radiolysis by an electron beam. Radiolysis in LC-TEM
involves the generation of radicals from the solvent driven
by the energy of the electron beam. These radicals produce
secondary chemical reactions that can change the compo-
sition of the solution in the field of view [11,12]. These
electron-beam-induced radiolysis processes can often promote
crystallization [3,8,13,14]. The overall process of radiolysis
can be complex to understand, but two processes can gen-
erally promote crystallization: (i) reduction of metal ions to
solids by hydrogen radicals or aqueous electrons [3] and (ii)
the production of ions that are not present under the ini-
tial conditions. When the concentration of an ion increases
through an accumulation of the electron dose, the substance
related to the newly formed ion becomes supersaturated and
crystallization can occur. Such processes have been observed
in the crystallization of sodium sulfate [13] and sodium chlo-
ride [14]. However, this type of behavior is only possible
under certain limited conditions.

How might we induce nucleation within an LC-TEM
observation field for a wider range of materials? If molecules
or particles could be assembled locally so as to increase their
concentration, it might be possible to produce conditions of
high supersaturation in which nucleation would be induced
to occur within the LC-TEM observation field. One possible
approach might be to use dielectrophoresis (DEP) to assemble
relatively large particles, such as protein molecules or col-
loidal particles. This technique does not assemble ions such
as Na+ and Cl–, which are added as salting agents to control
the solubility of protein crystals. Consequently, the supersatu-
ration of protein crystals could be increased without changing
the solubility. DEP is defined as the relative motion of a
suspended particle and a solvent resulting from polarization
forces produced by an inhomogeneous electric field [15]. The
resultant force FDEP can be expressed as follows [16,17]:

FDEP = 2πε1r
3Re

∣∣∣K̃(ω)
∣∣∣∇E2 (1)

K̃(ω) =
ε̃2 − ε̃1
ε̃2 +2ε̃1

(2)

where r is the radius of the particle, ω is the frequency of the

applied signal, E is the electric field, Re
∣∣∣K̃(ω)

∣∣∣ is the real part

of the Clausius–Mossotti factor, and ε1 and ε2 are the dielec-
tric constants of the solvent and particle, respectively; the tilde
denotes a complex number. The important point about K̃(ω)
is that the positive and negative signs can be reversed depend-
ing on the frequency, i.e. it is possible to change an attractive
force to a repulsive force within a given region by changing the
frequency of the applied electric field. According to Equation
(1), FDEP is dependent on the size of the particles and the gra-
dient of the electric field. For a small particle (typically less
than 1µm), the effective FDEP needed to assemble a particle
is the force required to overcome the dispersion forces arising
from Brownian motion [16,18]. Particle assembly by DEP has
been observed in colloidal particles [19], biological cells [20]
and protein molecules [16,18,21] by optical microscopy and

fluorescent microscopy. Recently, DEP has been mentioned
in studies involving LC-TEM [22], but phenomena related
to DEP, such as particle assembly, have not been observed
in LC-TEM. By introducing this particle-assembly technique
into LC-TEM, it should be possible to assemble particles in a
liquid and to increase their concentration locally. Recently,
thanks to the development of microelectromechanical sys-
tem technologies, disk-like proteins with a diameter of 11 nm
and a thickness of 6 nm have been experimentally assembled
between triangular electrodes with a gap of about 1µm under
a fluorescence microscope [18]. If protein molecules could
be assembled around electrodes by using this technique in
LC-TEM, this might be an effective method for inducing crys-
tallization of the protein around the electrodes. However,
to achieve sufficient assembly of protein molecules, it would
be necessary to design a new chip with electrodes having a
narrow gap of around 1µm.

In the present study, instead of protein molecules, we used
colloidal particles of a submicron diameter in conjunction
with a commercially available chip containing electrodes, and
we applied an alternating current (ac) electric field to the elec-
trodes and investigated the resulting phenomena in the liquid
cell by phase-contrast optical microscope (PCM). We then
attempted to observe the behaviors of colloidal particles by
TEM. In addition to testing this system for TEM applica-
tions, we also found that it might also be useful as a tool for
fabricating two-dimensional patterns in colloids.

Experimental
We used a commercially available liquid cell for in situ liq-
uid TEM observation (Fig. 1a) equipped with an electrode to
observe the behavior of colloidal dispersions in an inhomo-
geneous electric field by optical microscopy and TEM. Two
types of liquid-cell holders were used: an external liquid-
cell holder (ex-holder) for observation by optical microscopy
(Fig. 1b) (Protochips, Inc., Morrisville, NC) and another for
observation by TEM (Fig. 1c) (Protochips).

Liquid cell
The structure of the liquid cell is shown schematically in
Fig. 1a. The liquid cell consisted of two silicon chips of differ-
ent sizes and a perfluoroelastomer gasket. The Si chip was
equipped a 50 nm-thick amorphous silicon nitride (a-SiNx)
membrane that served as an electron-transparent observation
window, and which separated the high-vacuum sample cham-
ber of the electron microscope from the liquid sample. The
larger Si chip was equipped with a platinum electrode on the
electron-transparent area of the liquid cell (Fig. 1d and e) (Pro-
tochips). Although three circuits were present on the large Si
chip, we used only the circuit with the Pt electrode. The other
circuits and themetal parts of the holder were connected to the
ground. Both the small and large chips had 500 nm spacers so
that the thickness of the liquid sample in the observation field
was more than 1µm in total. Note that the distance between
the two Si substrates was controlled by the spacers, but the
thickness of these spacers did not correspond to that of the
liquid sample, which was usually thicker than the combined
thickness of the spacers [23]. This was because the window
usually bulged due to the pressure difference across the mem-
brane. This bulging was not only due to the vacuum present
in the electron microscope but also due to the increase in the
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Fig. 1. Liquid cell and liquid-cell holders. The design of the liquid cell used in this study is shown schematically in (a); this is not to scale. This liquid cell
was assembled by using liquid-cell holders for optical microscopy (b) and for TEM (c). In (b) and (c), the areas enclosed by circles with dashed lines are
the regions where the liquid cell was assembled, and the areas enclosed by rectangles with dashed lines show the ports where electrical signals were
applied and where the sample liquid was injected into and ejected from the liquid cell. Photograph (d) shows a large Si chip equipped with a Pt
electrode, indicated by the red arrowhead. This electrode was connected to a tungsten circuit to permit the application of the electrical signal. The
electrode was on a-SiNx membrane, and the area between the two dotted lines in (e) was the area observable by TEM. The scale bars are 2 cm (b),
5 cm (c), 2mm (d) and 50µm (e).

internal pressure when the liquid sample was pushed out by
the syringe pump. After the cell had been assembled, the liquid
sample was introduced into the liquid cell by injection with a
syringe pump. During the observations, the liquid sample was
continuously introduced into the cell at a flow rate of 2µL/min
by the action of the syringe pump.

Samples
Colloidal dispersions of 500 nm-diameter particles of
polystyrene (PS; Polybead Polystyrene Microspheres, 500 nm,
3.64 × 1011 particles/mL; Polysciences Inc., Warrington, PA)
and silica (Sicastar, Silica Microsphere, Plain,
500 nm, 3.8 × 1011 particles/mL; micromod Partikeltechnolo-
gie GmbH, Rostock) were diluted 100 times with ultrapure
water for use as the liquid samples. Both these liquid samples
were used for observation by PCM, whereas only the liquid
dispersion of silica particles was used for TEM observations.
Because of the small difference in density between water (den-
sity≈1.0 g/cm3) and PS particles (density≈1.05 g/cm3), the
PS particles could not be detected by TEM. In the case of silica,
the density of the particles was ∼2.0 g/cm3.

Alternating current signal and determination of its
conditions
We used a function generator (33500B; Keysight Technolo-
gies, Santa Rosa, CA) to supply an ac signal to the Pt electrode.
The other circuits were connected to the ground (Fig. 1d).
In this experiment, the frequency of the applied signal is an
important factor in determining the strength and direction of
FDEP. This is because the definition of the Clausius–Mossotti

factor (equation 2) includes the dielectric constants of the
solvent and particle, and these are frequency dependent. In
this experiment, it was desirable to have a large positive
Clausius–Mossotti factor to achieve a strong attractive force
between the particle and the electrode. However, if the fre-
quency was excessively low, unwanted effects such as Joule
heating and chemical reactions around the electrode, which
are the characteristic features of direct currents, would occur.
Therefore, the ideal conditions for our experiment is a large
Clausius–Mossotti factor and as high a frequency as possi-
ble. We experimentally determined the appropriate frequency
conditions for PS and silica by varying the frequency (details
not shown), and we found that the optimum frequencies
of the applied sinusoidal ac signals were 100 and 500 kHz
for the PS and silica particles, respectively. The applied
voltage was 10 Vp–p, which is the maximum value for the
device.

Microscopes and cameras
For in situ observation of the behavior of the particles by
optical microscopy, we used a PCM (IX-71; Olympus Corp.,
Tokyo) with a 40× objective lens (LCPlanFl 40×; Olympus
Corp.). A CMOS camera (UI-3180CP-C; IDS Imaging Devel-
opment Systems GmbH, Obersulm) was used to obtain video
recordings in situ. For the in situ observations by TEM,
we used a field-emission transmission electron microscope
(JEM-2100F; JEOL Ltd., Tokyo) operated at an accelera-
tion voltage of 200 kV. A CMOS camera (FLASH CAMERA;
JEOL Ltd.) was used to record the images for the in situ TEM
observations.
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Fig. 2. A series of PCM images showing trapping of PS particles on the electrode by DEP. This event is the same as that shown in Video 1. The black rod
with the rounded tip extending from the left to the center of the image is the Pt electrode. The boundaries between the Si and the window are visible in
the top and bottom of the image, and the black areas are Si. The applied sinusoidal ac signal had a frequency of 100 kHz and a voltage of 10 Vp–p. These
images were taken 0 (a), 0.1 (b) and 0.4 s (c) after the application of the signal. The colloidal particles indicated by white and black arrowheads were
attracted to and trapped on the Pt electrode. The particles that were not moving lost their ability to disperse and were adsorbed on the window. The
scale bar is 20µm (a).

Fig. 3. A series of PCM images showing the formation of PS pearl chains and their accumulation. This event is the same as that shown in Video 2. The
applied sinusoidal ac signal had a frequency of 100 kHz and a voltage of 10 Vp–p. The signal was applied as 0 s and the images were recorded at 0 (a), 0.1
(b), 1 (c), 10 (d), 20 (e) and 26 s (f). Immediately after the application of the signal (b), pearl chains formed, bridging the Pt electrode and Si in the direction
along the electric field. The chains that formed gradually moved to the tip of the electrode. Finally, they appeared to move along the edge of the
electrode toward the area enclosed by the white dotted ellipse. Some of the accumulated pearl chains did not move because their movement was
obstructed by immobile particles. The scale bar is 20µm (a).

Results and discussion
PS particles in an ac electric field observed by PCM
using the ex situ holder
A characteristic example of the effect of DEP on 500 nm PS
particles is shown in Fig. 2 and Video 1. Individual PS par-
ticles dispersing with and without Brownian motion were
observed. The particles that showed no Brownian motion
were those that had been physically adsorbed on the a-SiNx

membrane. When an electric field was applied, the particles
with Brownian motion were immediately attracted to the tip
of the electrode and trapped on its surface. The particles
without Brownian motion did not move. When the signal
was turned off, the particles that had been trapped near the
electrode moved away from it with Brownian motion. These
observations showed that the force produced by the DEP
was sufficient to cause the assembly of the particles when
a signal was applied to the electrode in our experimental
setup.

When large numbers of particles were present between the
electrodes, they interactedwith each other to form a chain-like
structure referred to as a ‘pearl chain’ [19] (Fig. 3, Video 2).
The pearl chain is formed as a result of the dipole–dipole
interactions resulting from the dipole moments induced in
the particles by the applied electric field [19,21]. The induced
dipole creates an additional electrostatic field around the par-
ticles that results in an attractive force between particles in
the direction of the electric field and a repulsive force per-
pendicular to the electric field [24]. As a result, the particles
assemble in the direction of the electric field, leading to the for-
mation of a pearl chain structure. The observed pearl chain
formed a bridge between the Pt electrode and the Si edge,
confirming that a potential difference existed between the Pt
electrode and the Si edge (shown in schematically Supplemen-
tary Fig. S1). The resulting pearl chains then moved toward
the electrode and accumulated near its tip (Fig. 3, Video 2).
The movement of the pearl chains from the root to the tip
of the electrode was due to the unidirectional and continuous
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Fig. 4. Formation of a PS colloidal crystal through accumulation of pearl
chains. Enlarged images of the rectangular areas enclosed by red dashes
in (a) and (b) are shown in (b) and (c), respectively. The pattern formed by
the colloidal particles in the enlarged image (c) showed that they were
regularly arranged in a centered rectangular system of a Bravais lattice in
two dimensions with the lattice parameters shown in the image. The
scale bar is 20µm (a).

solution flow because we did not observe any movement of
pearl chains when we performed the same experiment without
solution flow (Video 3). It is therefore likely that the formed
pearl chains were moved to the tip by the solution flow and
were attracted to the electrode as they travelled around the tip
of the electrode, accumulating at the point where the electric
field gradient was greatest (Fig. 3f).

When sufficient particles had accumulated, the pearl chains
joined together to form a periodic lattice pattern, suggestive of
the formation of a crystal (Fig. 4). The lattice distances were
measured, and the crystal system was characterized as cen-
tered rectangular in a Bravais lattice in two dimensions with
the closest lattice spacing parallel to the direction of the elec-
tric field and a slightly wider spacing perpendicular to the field
(Fig. 4; the lattice parameters are a1 ≈1.88µm, a2 ≈1.0µm,
b≈1.07µm, and Φ≈56◦). This structure probably origi-
nates from the difference between the particle–particle inter-
actions parallel to the electric field and those perpendicular
to it, caused by the difference between the attractive and
the repulsive interparticle potentials in the directions paral-
lel and perpendicular to the electric field, respectively. This
difference in the forces experienced by the particles depend-
ing on their direction could potentially create a variety of
assembly patterns [25]. In particular, because the thickness
of the liquid layer was limited to around 1µm, by selecting
colloids of appropriate size, it might be possible to obtain
two-dimensional colloidal crystals of possible use in such
applications as colloidal lithography [26]. It would be inter-
esting to investigate the types of patterns formed on changing
the signal applied to the electrode and the size of the colloidal
particles.

Silica particles in the ac electric field observed by
PCM and TEM
Because the densities of PS and water are very similar, it is
difficult to observe PS particles in water by TEM. We there-
fore conducted the same experiment by using silica particles,
which have about twice the density of PS. First, we observed
the silica particles by PCM using the ex-holder at a signal fre-
quency of 500 kHz, where the silica particles responded (Fig. 5
and Video 4). Note that because the silica particles were more
difficult to observe than the PS particles, a green filter was
used to improve their visibility. The reason for the difficulty
in visualizing the silica particle is probably because they were
smaller than 500 nm (Supplementary Fig. S2); however, this
does not significantly affect the conclusions discussed below.
Under these conditions, the silica particles formed pearl chains
that assembled between the electrodes in a manner similar to
that of the PS particles. We then conducted the same exper-
iment to observe the silica particles assembling around the
electrodes by TEM using the TEM holder. We expected to
obtain similar results to those from PCM, but the phenom-
ena observed by TEM (Fig. 6 and Video 5) differed from
those observed by PCM, even though the experimental setup
was the same except for the liquid-cell holder. Before irra-
diation by the electron beam to image the liquid cell, the
liquid-cell holder was inserted into the TEM and a signal
was applied to the electrode. In this procedure, we expected
that the silica particles already assembled in the liquid cell
at the moment of electron-beam irradiation. However, no
assembled particles were observed immediately after the start
of the observations, and only a few immobile particles were
observed (Fig. 6b); however, on continuing the observations,
pearl chains trapped in the observation area were eventually
observed (Fig. 6c and d). These results indicated that a differ-
ent situation existed in the TEM compared with that in the
PCM.

Next, we will discuss the phenomena observed by TEM.
First, a signal was definitely applied to the electrode, because
pearl chains formed radially from the tip of the electrode
along the direction of the electric field; however, no assem-
bled particles were observed immediately after starting the
observations. We speculate that the electric-field gradient cre-
ated by the applied signal was insufficient to trap the particles
on the tip of the electrode. There are two main reasons why
the applied signal was weaker at the tip of the electrode in
TEM: crosstalk and wrinkling of the window. Crosstalk is
a phenomenon that occurs when an ac signal is applied to
one of two adjacent parallel conducting wires and the sig-
nal is transferred to the second conducting wire. Crosstalk
is unique to ac signals, especially those of radio frequency,
and it becomes more pronounced as the frequency increases.
When crosstalk occurs, the signal reaching the end of the wire
(in our case, the Pt electrode in the liquid cell) is attenuated
compared with the applied signal This acts to reduce the elec-
tric field gradient. Crosstalk can generally be prevented by
using coaxial cables. However, because the liquid cell holders
were not designed to use ac signals, coaxial cables were not
employed. We therefore consider that the effect of crosstalk is
a plausible explanation for the weakening of the DEP forces.
In addition, crosstalk becomes more pronounced as the con-
ducting wires become longer and the distance between them
becomes smaller. The conducting wires of the TEM holder
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Fig. 5. A series of PCM images of trapped silica particles and their separation. This event is the same as that shown in Video 4. The applied sinusoidal ac
signal had a frequency of 500 kHz and a voltage of 10 Vp–p. The silica particles were trapped, and pearl chains were formed when the signal was applied
(a). They subsequently separated from the electrode (indicated by a white arrowhead) when the signal was stopped (b) and dispersed 3 s after stopping
the signal (c). These images were taken by using a green interference filter. The scale bar is 20µm.

Fig. 6. A series of LC-TEM images of silica particles in an ac electric field.
The sinusoidal ac signal had a frequency of 500 kHz and a voltage of 10
Vp–p. The observation area was that enclosed by the red dashed
rectangle in the schematic illustration of the liquid cell (a). Immediately
after starting the observations, immobile silica particles adsorbed on the
a-SiNx window were observed, but no pearl chains were observed (b).
Twelve (c) and 15 s (d) after (b), pearl chains were trapped between the
electrode and the edge of Si in the area enclosed by the black dashed
circle in (c) and (d). This event is the same as that shown in Video 5.
The scale bar is 2µm.

appeared to be longer than those of the ex situ holder and,
consequently, the signal applied to the tip of the electrode
was weaker in the TEM holder. For reference, we used an
inductance–capacitance–resistance meter (U1733C; Keysight
Technologies, Santa Rosa, CA) to measure the capacitance,
which is an indicator of extent of crosstalk. The capacitance
of the TEM holder (∼270 pF) was found to be larger than
that of the ex situ holder (∼100 pF), indicating that crosstalk
is more likely to have occurred in the TEM holder. To investi-
gate this in detail, it would be necessary to disassemble the
holders to determine the type of conducting wires used in
the TEM holder, their length, and their separation distance.

Note that neither of the holders used in this study was
designed for use with radio-frequency signals, i.e. no coun-
termeasures to minimize crosstalk were present. The best way
to prevent crosstalk would be to use coaxial cables for the
conducting wires. Another practical answer would be to fab-
ricate Si chips with a smaller distance between the electrodes,
so as to increase the electric-field gradient around the tip of
the electrodes, even from weak applied signals.

The second possibility is that wrinkles in the window
(Supplementary Fig. S3) might have disturbed the electric field
around the electrodes. Wrinkles were observed in the window
of the liquid cell in the TEM holder, whereas no wrinkles were
present on the membrane in the ex situ holder (Supplemen-
tary Fig. S3). The wrinkles in the TEM holder were caused
by stress on the a-SiNx film during the process of holding
the Si chips at the appropriate torque (∼1 cN·m), and the
appearance of wrinkles is difficult to avoid because this is an
intrinsic problem associated with the design of the holder. It
is likely that placing a wrinkled a-SiNx film between the Pt
electrode and Si chip will disturb the electric field generated
between them. However, it is not easy to determine the actual
three-dimensional structure around the electrode. One way to
understand this effect would be to use another TEM holder
with wrinkles of different shapes in the window.

The last issue involved in the TEM observations was the
formation of the pearl chains several seconds after starting
the observations. This time lag might have occurred because
the electron beam destroyed the structure of the water present
in the electric double layer around the particles. This dou-
ble layer is responsible for the electrostatic repulsive force
of the colloidal particles. Therefore, the destruction of the
structure facilitates the trapping of the particles because of
a loss of their ability to repel one another. On the basis of
our results, we concluded that differences in the observations
were mainly due to the difference in the design of the holders
(Fig. 1b and c). Solving these issues should lead to the estab-
lishment of a technique for manipulating particles by using
electrodes in LC-TEM and in an expansion of the range of
experiments that can be performed with LC-TEM.

Concluding remarks
We investigated the manipulation of particles by dielec-
trophoresis in LC-TEM as a method for changing the
conditions in the observation area. First, we performed
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observations by using PCM to determine which phenomena
occurred in the existing system; we then performed simi-
lar experiments using TEM and we showed that phenomena
observed by PCM were not observed in TEM. Based on these
observations, we identified the difference in the design of the
holders as a factor responsible for the difference in the results
of observations by the two methods. Electrical crosstalk and
the effect of wrinkles in the observation window are two
possible explanations for these differences. To overcome the
problem of using the existing TEM holder, we propose to
use a Si chip with a narrower gap between the electrodes to
increase the electric-field gradient around the electrodes. We
hope that this will be beneficial for the further developments
in the dielectrophoretic manipulation of particles in LC-TEM
to expand the range of experiments possible by using this
method.
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