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be used for on-line liquid dispensing system. The principle is to actuate a disk-type PZT by a function
generator to push the liquid out of the droplet generator and form a near-spherical droplet due to surface
tension. A light-emitting diode (LED) is simultaneously triggered using the stroboscopic technique. In situ
recording of the droplet formation is achieved by a CCD camera to measure the droplet dimension by image
processing methods. The influence of the process parameters on the droplet quality is also studied. For
different liquids the drive conditions shall be adjusted in order to obtain the optimum droplet formation.
An application to the one-drop-fill (ODF) technology of liquid crystal displays (LCD) was carried out in
order to control the droplet sizes and the repeatability of the quantity.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The manufacturing of liquid crystal displays (LCD) is divided
into three processes: the array process, the cell process and the
module process. When the panel size is beyond the fifth gener-
ation (1120 mm x 1250 mm), the liquid crystal (LC) filling process
undergoes a technological change, namely the one-drop-fill (ODF)
technology, i.e. from the conventional injection method between
two glass substrates to the novel dispensing method onto the bot-
tom substrate and pressing down the upper substrate [1-3]. The
main advantage is to largely reduce the liquid crystal filling up time.
For example, with the conventional injection method it takes 2 days
to fill up a 22-in. panel, but with the ODF method this task can be
completed within 2 h only.

The key of the ODF technology is to use a dispenser for con-
trolling the amount of liquid crystal material deposited on the
substrate. Many methods have already been proposed [4-6]. A typ-
ical one is to control the valve and driving source, e.g. the gas or the
plunger, in such a way that the demanded liquid can be dropped on
the prescribed location of the substrate. The liquid crystal material
has to be kept pure during the dispensing process. As the motion of
the actuator increases, the possibility to pollute the LCincreases. For
example, when the valve or the plunger is actuated, metal particles
will be produced by rubbing and cause the liquid crystal material
to be polluted.
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The inkjet printing technology has been widely used in many
fields, such as MEMS, electronics manufacturing[7], PLED [8],RP[9]
and biosensor applications [10], due to its advantages of fast speed,
high resolution and high accuracy. In this research, the basics of the
inkjet principle are used to develop the ODF technology.

2. Development of a droplet generator

The inkjet printing technology can commonly be divided into
two classes: the continuous mode [11] and the drop-on-demand
(DOD) mode [12]. In recent years, the DOD mode has gradually
replaced the continuous mode because of promising better manu-
facturing control. The droplet is ejected by applying a voltage pulse
to the piezoelectric actuator so that its ejection time, position and
volume can be easily controlled by a function generator.

There are several types of droplet generators depending on four
piezoelectric material deformation modes, namely, the squeeze
mode [13,14], the shear mode [15], the bend mode [16] and the push
mode. For designing the simple structure of a low cost droplet gen-
erator, we use a disk-type piezoelectric buzzer as driving source and
the PZT motion is equivalent to the bend mode of the droplet gen-
erator. Several development steps are described in the followings.

2.1. Structure of the droplet generator

Liquid crystal material is a pure chemical compound. For all LCD
manufacturers, it is a serious subject to prevent the liquid crystal
material from being contaminated. There are many factors to be
considered, such as environment, human errors and metal particles
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Fig. 1. Assembly of the droplet generator.

produced by rubbing. In addition, the proper selection of contact
materials must also be taken into account, in case some chemical
reactions take place.

Fig. 1 shows the assembly of the droplet generator. The piezo-
electric buzzer is constructed of a thin piezo-ceramic layer, about
0.2-mm thick, which sticks on a vibration diaphragm with a 27-
mm diameter. It is fixed within the main body and bends if a voltage
pulseis applied. The pressure is generated in the liquid flow channel
and pushes the liquid out of the glass nozzle. The structure of the
proposed droplet generator consists of five main parts: (1) main
body with liquid flow channel and upper cover, (2) piezoelectric
buzzer, (3) Teflon gasket, (4) nozzle holder and (5) glass nozzle, as
shown in Fig. 2. The selected materials are stainless steel, Teflon and
glass because these three materials are apt to contact with liquid
crystal.

2.2. Fabrication of the glass nozzles

Forming stable droplets is an important issue for all droplet
generators. During the dispensing process, the quality of the glass
nozzle directly affects the droplet formation process. Skewing or
unstable formation of droplets may be caused, if liquids with high
viscosity or high surface tension are subject to adhere to the front
surface of the nozzle.

We chose glass to make the nozzle because of several advan-
tages, such as good chemical resistance, low friction, easy to

Piezoelectric
buzzer

Main body

Glass
nozzle

Fig. 2. Photo of the developed droplet generator.
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Fig. 4. Assembling process.

manufacture and low cost. In the fabrication process, the glass tube
is fixed at both ends and then rotated within the coaxial fixtures,
as shown in Fig. 3. The central part of the glass tube is heated by a
fusing flame until the temperature exceeds transition temperature
of the glass. By pulling outward one side of the fixtures, the soft-
ened part of glass tube will be necked off, forming a sharp taper.
Finally, cutting it off, we get two unfinished glass nozzles. The end
surface of the nozzle must be ground after the glass fusing process,
in order to obtain the required diameter and a round opening of the
nozzle head. The shape of the nozzle tip and the smoothness of the
front face must be assured. Otherwise, poor droplet formation and
skewed path will occur [16,17].

2.3. Assembling and dismantling

At the end of each liquid filling process, the remaining liquid has
to be drained out and the parts have to be cleaned. Fig. 4 shows thata
Teflon gasket is particularly designed to connect the main body and
the nozzle holder. When pushing the glass nozzle into the nozzle
holder, the Teflon gasket will clip the glass nozzle after locking the
nozzle holder. This design helps the dismantling process to be done
easily and ensures the assembled structure to be fully sealed.

3. Experimental set-up

The goal of this research is to provide a method to dispense an
optimum quantity of liquid crystal material on the glass substrate
during the LCD cell process. Therefore it is necessary to measure
the volume of the droplet. The on-line measurement system is
composed of the drop-on-demand system and the stroboscopic
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Fig. 5. On-line measurement system.
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Fig. 6. To estimate the diameter of the droplet by image processing method.

technique. As shown in Fig. 5, a tube is used to connect the droplet
generator and the reservoir which supplies the LC material and
keeps the back pressure steady. In order to generate constant pres-
sure waves, the whole volume of the flow channel must be filled up
with LC material. A voltage pattern is generated by a function gener-
ator to drive the droplet generator via a power amplifier. The output
voltage to the PZT is adjustable between 20V and 100 V. In this DOD
system, the waveform of the function generator can be tuned, in
order to control the number and the size of the droplet [18]. An XY
stage can move the droplet generator to the prescribed positions,
in order to arrange the LC drop in an array pattern on the substrate.
The stroboscopic technique has been applied by mounting a light-
emitting diode (LED) and a CCD camera. The LED is simultaneously
triggered by the same frequency as the function generator actu-
ates the PZT film. A frozen image of the droplet can thus be viewed
and captured by the CCD camera. Finally, we can utilize the image
processing method and the least square fitting of planar circles to
estimate the diameter of the droplet, as shown in Fig. 6. The control
software is developed by using Microsoft Visual C++ 6.0.

4. Experimental results

In our research, we investigated the phenomenon of dispensing,
in order to improve the accuracy and reliability of the droplet gen-
erator. There are three process parameters to be kept under control,
namely, the quality of the nozzle, the voltage signals and the liquid
properties. We expected to find out the best control parameters of
the actuator in order to precisely control the total amount of the
liquid crystal material.

4.1. Glass nozzle

The roundness of the nozzle head will affect the degree of the
slant distance of the droplet. Some factors such as machine vibra-
tions and high grinding forces will cause the opening of the glass
nozzle with a diameter of approximately 320 wm to be breached,

(a)

Fig. 7. (a) Breached nozzle head and (b) a sequence of the drop formation.

as shown in Fig. 7a. Such a breach will result in a skewed liquid pat-
tern after ejecting and shown in Fig. 7b. Thus, more attention must
be paid to the grinding process. Fig. 8a and b shows a good nozzle
head with a diameter of approximately 300 wm and a sequence of
the stable drop formation.

Fig. 9a visualized the definition of flying distance and slant dis-
tance. Six nozzle heads were tested and listed in Table 1. The tested

()

Tileee

Fig. 8. (a) Good nozzle head and (b) a sequence of the drop formation.
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Fig. 9. (a) Definition of flying distance and slant distance. Ejection behavior of three different nozzle sizes: (b) 197.6 wm, (c) 300.2 wm and (d) 410.5 pm.

Table 1
Measurement of the slant distance by varying the nozzle sizes and its roundness

No. Nozzle size (um) Roundness (pm) Roundness/nozzle size Slant distance (m) Flying distance (pm)
1 197.6 5.3 0.027 50.1 2053
2 300.2 6.0 0.02 36.6 1977
3 410.5 9.5 0.023 434 1743
4 152.13 5.34 0.035 103.8 2123
5 273.38 9.53 0.035 99.9 2078
6 347.97 17.88 0.051 196.8 2150

liquid is liquid crystal (Chisso, ZOC-5114LA) and its viscosity is
17.4 mPas. If the ratio between the roundness and nozzle size was
larger than 0.035, an unwanted slant distance which was larger
than 100 wm when the flying distance approximate 2 mm was usu-
ally obtained. This could be an indicator to improve the droplet
skewing. The smaller slant distance could be obtained.

Fig. 10 shows the relationship between the nozzle size and the
drop size. As the nozzle size increases, the droplet size increases
linearly at the same driving voltage. The corresponding range of
drop volumes is between 11 nL and 66 nL.

4.2. Voltage signal

Fig. 11 shows the input parameters of the voltage, including the
rising time (t_rise), the dwell time (t_dwell), falling time (t_fall),
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Fig. 10. Effect of nozzle size on drop size.

pulse width (t_.width) and amplitude of the voltage (V). Here, t_rise
isalways set to be greater than 1 ws. In practice, we use t_rise = 10 s
and t_fall=10 ps.

4.2.1. Jetting frequency

According to the propagation and reflection of pressure waves
produced by the PZT vibration [19], the liquid is pushed through
the nozzle at an optimal time. After the droplet has been formed,
the pressure waves are reflected in the cavity. In order to obtain a
steady drop formation, the next pulse of PZT has to wait until the
last waves are fully decayed. In other words, the highest working
frequency of PZT will be limited by the decay-speed of the pressure
waves. From the experiments, a stable condition below 50 Hz has
been confirmed by the stability of the drop volume with a variation
of about 3.2 nL only, as shown in Fig. 12. The used nozzle size was
350 pm.
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Fig. 11. The wave form of the voltage at the PZT.
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Fig. 12. The drop volume versus the applied pulse frequency.

In the ODF application, the dispensing process of a 20-in. LCD
has to be completed within 5 min. The total amount of liquid crystal
material can be estimated by the following equation:

L =S x dx gamma (1)

where S is the display area of LCD, d the height of the spacer (also
referred to as the cell gap) and gamma is the correction factor, which
is about 1.03-1.04. The total volume is about 605 L. Actuating the
PZT by a frequency of 40 Hz, when the droplet volume is 60 nL, the
total dispensing time is 252 s, which is suitable for the ODF process.

4.2.2. Voltage and pulse width

The effect of the voltage on the drop volume and drop speed
is shown in Fig. 13. The drop volume increases slowly when the
voltage is greater than 70V. The effect of the pulse width on the
drop volume and drop speed is shown in Fig. 14. As the pulse width
increases, the drop volume increases linearly at the same driving
voltage. The used nozzle size is 300 pm.

From experiments, two patterns of the drop formation can be
classified. In the first pattern, when only one main drop forms and
whenit flies straight, this can be regarded as a stable ejection behav-
iorandis named as Type 1,as shown in Fig. 15.In the second pattern,
when one main drop and one satellite drop form, three types are
labeled according to the flying situation of the satellite drop: (a)
Type 2, if the speed of the satellite drop is greater than that of the
main drop, the two drops will combine. Because the outlet velocity
of the liquid is extremely high, this can help to avoid the droplet
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Fig. 13. Effect of the voltage on the drop volume and drop speed. Applied pulse
width is 1000 ps.
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Fig. 14. Effect ofthe pulse width on the drop volume and drop speed. Applied voltage
is40V.

skew phenomenon caused by the liquid adhering on the front sur-
face of the nozzle; (b) Type 3, if the outlet velocity of liquid is
extremely low, the satellite drop will be sucked back into the nozzle.
In such a case, the route of the main drop flight is strongly affected
by the environmental factors such as air fluctuations around the
droplet. So, if we want to control the droplet to be deposited at
the expected position of the substrate, the environmental factors
must be well controlled; (c) Type 4, if the outlet velocity of lig-
uid is medium, both drops will skew easily. This type is considered
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Fig. 15. Four types of ejection behavior.
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Fig. 16. The controllable range of driving parameters for a stable ejection.

the unstable ejection behavior. Types 1-3 are all regarded as stable
ejection behaviors.

Under the condition of a regular voltage, we adjusted the pulse
width to obtain its upper and lower limit value for a stable ejection,
as shown in Fig. 16. In order to obtain the best ejection behavior, we
chose the driving parameters illustrated in this figure between the
lower and upper limit values of the pulse width. The optimal dwell
time could be found between the lower and upper limit values of
the pulse width and its corresponding voltage.

4.2.3. The controllable drop weight

The lower and upper limit values of the pulse width will be
changed due to different kinds of liquids and nozzles. After draw-
ing the chart, we could start to develop the calibration procedure of
drop weight. First of all, we had to choose three driving parameters
which were located on a line between lower and upper limit values
of the pulse width, as shown in Fig. 17. Secondly, the total weights
were determined after accumulating 800 drops and the data could
be fitted with a quadratic function only for the voltage range of
40-48YV, as shown in Fig. 18. Finally, the target weight of droplet
could be acquired by using the corresponding driving parame-
ters which were determined through the interpolation method by
selecting the points located on the line in Fig. 17. Comparing the
experimental results to the calibration data, the errors were all less
than 0.12%. Therefore, we could utilize this calibration procedure to

v— lower limit values of the pulse width
4 — upper limit values of the pulse width
Three driving parameters for calibration
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Fig. 17. Three driving parameters for weight calibration.
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Fig. 18. Results of drop weight calibration.

achieve a goal by controlling the weight of drops. It is very useful
that each time when the target weight of droplet was changed, the
calibration procedure was not necessary to repeat again.

4.3. Liquid property

The liquid crystal material has a high viscosity and surface ten-
sion causing a difficulty in dispensing. It will easily adhere to the
end face of the nozzle, and then cause the drop to skew after being
ejected. During the development of the ODF, some researchers put
forward particular plans to solve these problems as, e.g. using a
heater to warm up the liquid directly in order to reduce its viscosity
[6].

This study was focused on the drop generator, nozzle, quality of
the nozzle surface and the driving conditions for a good drop per-
formance. Because the liquid crystal has drop properties different
from Newtonian fluids [20], the ejected liquid column has a longer
thread, which is difficult to break up. Therefore, it can efficiently
restrain the production of satellites. In other words, when the lig-
uid crystal is ejected, the range of controllable parameters for a
stable ejection is larger than that of other liquids having the same
viscosity. Fig. 19 shows the drop formation sequence. The thread
drains gradually into the main drop.

Fig. 19. The sequence of the drop formation of liquid crystals.
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4.4. Repeatability

The ODF process demands that the material of droplet generator
must have a good chemical resistance and does not react with the
LC material, its dispensing speed must be greater than 2 mg/s, and
its allowable volume variation is below 0.7%. The first two require-
ments have been discussed in the above sections. The last goal of
this work was to dispense the anticipated amount of liquid crys-
tal. We chose the best controllable parameters and tried to keep
the ambient environment steady. After accumulating 800 drops,
the total weight was determined, as shown in Fig. 20. The average
weight is 108.548 mg, and the variation is about 0.46%. This result
meets the ODF requirement.

5. Conclusions

Utilizing the inkjet print technology, this DOD-type droplet gen-
erator has been proved by experiments to be good in repeatability as
well as precision of the drop size control. The structure of this DOD-
type droplet generator is simple compared to most commercial
ones used in ODF processes. All the parts of this droplet genera-
tor are low cost and easy to manufacture. In addition, they can be
easily assembled and dismantled and therefore cleaned handily so
as to keep the liquid crystal material pure. By improving the quality
of the nozzle, the slant distance of the droplet can be significantly
reduced. Furthermore, by defining the four types of drop formation,
we are able to find out the controllable range of driving parameters
for a stable ejection between the lower and upper limit values of
the pulse width. With these driving parameters, the droplet gen-
erator can be controlled easily so that the stable ejection behavior
can be achieved in three types to meet the user’s needs and the
controllable drop weight can be realized. Under the steady-state
condition of drop formation, the repeatability tests have shown
highly promising results with an acceptable weight variation.
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