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Abstract
We report a high density liquid crystal (LC) droplet array for non-contact inspection. The
incident light is modulated by changing the shape of each droplet using a dielectric force even
though the electrode and droplet array are separated by a fairly large air gap. The reshaped LC
droplets cause colour change which is easily inspected by the human eye. In a sample with
30 µm thick polymer cavity and 130 µm air gap, LC droplet surface reshaping is clearly
observed as the applied voltage exceeds 40 Vrms. Potential application of such a LC droplet
array for inspecting the defected thin-film-transistor pixels is emphasized.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Thin-film-transistor liquid crystal displays (TFT-LCDs) have
been widely used for mobile phones, computer screens, TVs
and data projectors. To improve fabrication yield, inspecting
and repairing malfunctioned TFT pixels are necessary before
cell sealing. Various inspection methods have been proposed
[1–7], but most of them are unnoticeable to human visual
perception due to low contrast or using the method of indirectly
touching the pixel surface [4]. Because the indirect touching
method still uses spacers to control the gap between the
detector and the TFT electrode, the pixels may be damaged
by the spacers. Therefore, a non-contact method is preferred,
in which the electrode is separated from the surface of the
employed liquid crystal (LC) medium by an air gap.

The conventional testing system for a non-contacting light
modulator is shown in figure 1. From bottom to top are
the electrode, air gap, dielectric mirror, modulator, electrode,
imaging objective and CCD camera. When a light is incident
to the modulator, the changed intensity can be detected by
the CCD camera and data analysed by the image processor
[4]. The modulator is the key part of the testing system.
Owing to the unique electro-optical property, liquid crystalline
materials have been used in various optical modulators [8–12].
In figure 1 if a pure LC is used as the modulator, then the
dielectric mirror is needed in order to sustain a homogeneous

Figure 1. Schematic non-contact testing system using a light
modulator.

LC layer and prevent LC from flowing. Due to the existence
of dielectric mirror and air gap, the modulator will require a
very high operating voltage. Let us consider the following
example: an LC cell is composed of 3 µm homogeneous LC
layer (Merck BL-038, �ε = 16.4, ε‖ = 21.7) and 50 µm air
gap. When a voltage V = 100 Vrms is applied to the cell,
only 1 V drops across the LC layer, which is smaller than the
threshold voltage (∼1.88 V) of the LC media. Therefore, the
LC will not be reoriented even though the dielectric mirror is
not considered. If a polymer-dispersed liquid crystal (PDLC)
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Figure 2. Side-view structure of a LC droplet–air gap cell (a)
without voltage and (b) in voltage-on state.

film is employed as modulator, then the dielectric mirror may
be removed because PDLC is solid and can adhere to the
top electrode surface. However, in comparison with a LC
modulator, PDLC usually requires a much higher operating
voltage due to the strong anchoring force of polymer cavity
surfaces [8]. The operating voltage will dramatically increase
if a thin air gap exists above the PDLC layer. It is a big
challenge to develop a non-contact LC modulator with a fairly
large air gap in which LC can still be reoriented by a fairly low
voltage.

In this paper, we report the use of a high-density LC droplet
array for the optical modulator. The droplets modulate light
mainly based on their shape change. The reshaped droplets
cause LC reorientation, thus leading to colour shift due to the
change in effective birefringence. Although a fairly large air
gap exists in the cell, the required operating voltage keeps
fairly low. Such a LC droplet array is particularly attractive
for inspecting the defects of TFT-LCD panels.

2. Device structure and basic theory

Figure 2 depicts the side-view structure of the LC modulator.
A tiny LC droplet is fixed on one electrode surface and
surrounded by a polymer wall. Another electrode is placed
above the droplet with an air gap to form a cell. These two
electrodes are placed in parallel position and controlled by a
spacer (such as the Mylar film). The cell gap d is larger than
the apex distance h of the droplet. The droplet surface is very
smooth due to surface tension. Without an external voltage, as
figure 2(a) shows, the droplet surface is in the relaxing state
(maximal curvature without an external force to change its
shape). At a given voltage V, the LC droplet experiences an
electric field which can be expressed as [13]

Et = V

t + ((d − t)εLC/εair)
, (1)

where t is the height of the droplet from the electrode surface
to the curved surface of the droplet along the vertical direction
and εLC denotes the effective dielectric constant of the LC and
εair (∼1) represents the dielectric constant of air.

From equation (1), at the droplet centre the electric field
is expressed as

Ecentre = V

h + (d − h)εLC
, (2)

and at the droplet border the electric field is

Eborder = V

tb + (d − tb)εLC
, (3)

where tb is the height of the droplet border. In comparison with
equations (2) and (3), we find that Ecentre > Eborder. Because
the surface of the LC droplet is smoothly curved, the electric
field across the droplet surface has a gradient distribution.
According to dielectrophoretic theory, when an ac voltage is
present the LC droplet bears a dielectric force [14]:

FDEP = 2πR3εairRe

(
εLC − εair

εair + 2εLC

)
∇E2, (4)

where R is the radius of a LC droplet and E denotes the
electric field on the curved droplet surface. This dielectric
force causes LC molecules to shift towards the high electric
field region. This dielectrophoretic effect is similar to that
of the patterned electrode technique [15]. As a result, the
surface of the droplet will shrink in order to get a new balance
between the surface tension force and the dielectric force, as
illustrated in figure 2(b). The reshaped profile will alter the
phase retardation of the probing beam, leading to a colour
change when observed between crossed polarizers.

3. Device fabrication

To fabricate a cell, as figure 2 shows, first we prepared a
polymer cavity array using our previously reported method
[16]. A UV curable monomer NOA65 (Norland Optical
Adhesive) was spread on an indium tin oxide (ITO)-coated
glass substrate using a blade. After coating, the film was placed
in horizontal position for several minutes to achieve uniform
thickness. It was then exposed to UV light (∼30 mW cm−2)
through a photomask for 20 s. The uncured monomer was
removed by ethanol. Figure 3(a) shows the patterned polymer
cavity array observed under a polarized optical microscope
(POM) in transmissive mode. The holes represent the areas
without monomer. The surface of each hole in the array
presents an octagon shape and the diameter of the cavity
aperture is ∼50 µm. The distance of the adjacent holes is
∼8 µm. The thickness of the film was measured to be ∼30 µm
by observing its cross-section using the POM.

Here we chose BL-038 (Merck; its nematic phase is from
−20 to 100 ◦C) as the LC material. The LC was mixed
with a solvent (dichloromethane) at ∼10 wt%. The solvent
helps to decrease the LC surface tension and dilute the LC
concentration in the mixture. When a small amount of the
mixture was dripped on the patterned film surface, the solvent
was then evaporated by heating. After thorough evaporation,
LC formed droplets in the polymer cavities. Figure 3(b) shows
the formed LC droplets observed using POM. Two polarizers
are used, so that a star pattern for each LC droplet could be
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Figure 3. (a) The polymer cavity array observed through a
transmissive POM and (b) the LC droplet array observed after filling
the cavities.

observed. The size of droplets is uniform. The dome shape
of the droplets can be inferred from their imaging properties.
We typed a letter ‘A’ on a piece of transparency foil to serve as
object. By adjusting the distance between droplets and object,
an inverted image array was observed, implying that the LC
droplet bears convex shape. The aperture ratio of the film can
be estimated as follows: LC occupation area/(LC occupation
area + non-LC covering area). From figure 3(b), the aperture
ratio is estimated to be ∼80%.

4. Results and discussion

To study the impact of voltage on the LC droplets, we placed
another ITO glass plate above the LC droplet array. The
gap of the two glass plates was controlled to be ∼160 µm
using two striped Mylar films. The cell, whose structure is
shown in figure 2, was observed using a POM between crossed
polarizers with a high magnification. Each droplet can be
clearly observed with greenish colour in the central area, as
figure 4(a) shows. When a 100 Vrms voltage was applied across
the ITO electrodes, the observed colour changed to bluish,
as shown in figure 4(b). Such a result indicates that the LC
droplets respond to the external voltage although the air gap is
as large as ∼130 µm.

As for the boundary condition, we magnified the droplet
array in the V = 0 state and focused on the surface of

several droplets, as shown in figure 4(c). There are some
disclination lines across the droplets. The centre droplet is
almost connected to its adjacent droplets. Each droplet is also
surrounded by four dark regions. The dark regions are the
polymer area without or with less LC on its surface. Because of
these regions, each LC droplet is almost isolated. The aperture
of each droplet is not perfectly round due to the relatively low
surface tension of the LC (<20 dynes cm−1). From the droplet
centre to its border, light intensity decreases gradually which
means the dome of the droplet presents spherical-like shape.

Because the size of each droplet is too small, we measured
its electro-optic property in a dark room. The cell was placed
in the vertical direction and a collimated He–Ne laser was
used as probing beam at normal incidence. The beam passing
through a LC droplet was expanded by an imaging lens and
received by a photodiode detector. A diaphragm was placed
in front of the detector. At V = 0, the detector had maximum
intensity. When a voltage was applied to the cell, the surface
of the droplet was reshaped, thus a portion of the laser beam
was blocked by the diaphragm. Figure 5 is a plot of voltage-
dependent light intensity. At low voltage, the air gap shields
most of the voltage. As a result, the LC droplet cannot be
activated by the dielectric force. As V > 40 Vrms, the intensity
starts to decrease because the generated dielectric force takes
effect. As the voltage keeps increasing, the intensity decreases
gradually. At V = 100 Vrms, the intensity change is quite
noticeable. Such a result is consistent with the observed colour
shift shown in figure 4.

A response time is an important factor for light
modulation, especially when it is intended for probing the
defects of millions of TFT pixels on a large substrate. To
measure the response time, we still used the same experimental
setup except for displaying the detected optical signals in a
digital oscilloscope. Figure 6 shows the measured intensity
change (upper curve) with time when a 100 V pulse amplitude
was applied to the electrodes. The rise and decay times
were measured to be ∼52 ms and ∼50 ms, respectively.
The measured intensity was noisy because of the employed
oscilloscope as well as the increased background light.
However, the cyclic response (two periods given) shows that
the LC droplets return to their original state very well.

In comparison with the results shown in figure 4, we also
studied the dynamic response of some much smaller droplets.
These tiny droplets were formed near the cell border where less
mixture filled in the polymer cavities. Through POM, the small
droplets did not give observable colour change when they were
activated at 100 Vrms. Due to the small size each droplet was
totally trapped in its cavity. From equations (2) and (3), tb is
close to h. Therefore, the gradient of electric field is decreased
significantly and the droplet cannot be reshaped easily. Such
a result also implies that LC reorientation is mainly due to the
shape change in the droplet.

From our results, LC droplets can be reshaped by an
external voltage although the air gap is as large as ∼130 µm.
Such a droplet array is useful as an optical modulator for
inspecting the defects in TFT pixels, where non-contact
inspection is preferred. The TFT arrays take the place of the top
ITO substrate in this case (shown in figure 2). A typical TFT
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Figure 4. The observed colour with different voltages applied to the cell. (a) V = 0, (b) 100 V, and (c) V = 0 with a large magnification.
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Figure 5. Measured voltage-dependent light intensity change.

pixel size is ∼300 µm × 100 µm; it covers about ten 50 µm LC
droplets. The functionality of the TFT pixel can be inspected
by the colour change in the corresponding LC droplets when
the pixel is turned on or off. To improve precision, we can
further increase the LC droplet density so that each TFT pixel
will cover more LC droplets.

From equations (2) and (3), the gradient of the electric
field is dependent on the geometric structure of the droplet
and the dielectric constant of LC material. It is possible to
enhance the electric field gradient by optimizing the droplet
shape and choosing LC with a suitable εLC. Under such
conditions, the required operating voltage can be kept low even
for a reasonably large air gap. Although the top surface of
the LC droplets is sustained by air, each droplet in its cavity
is very stable and will not flow out when the cell is placed
in the vertical direction or shaken severely. The reason is
that the gravity force is negligible for tiny droplets [17, 18].
Instead, the surface tension force and the adhesion force play
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Figure 6. Measured response time of a LC droplet with two cycle
periods.

the main roles to anchor the droplets and sustain the droplets
with spherical shape.

5. Conclusion

We demonstrated a non-contact optical modulator using a
high density LC droplet array with a large air gap. The
LC droplets can modulate light based on dielectrophoresis.
For the modulator with ∼130 µm air gap, LC droplets can
still be activated with a relatively low voltage (40 Vrms). A
higher voltage applied to the droplets can cause an obvious
light intensity change and a significant colour shift. The rise
and decay time is each ∼50 ms. Such a LC droplet array is
preferred for designing non-contact inspection devices. One
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potential application of the LC droplet array is to inspect the
defected TFT pixels.
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