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Abstract

Vertical sputtering systems are key equipment in the manufacture of liquid crystal display (LCD) panels. During the
sputtering process for LCD panels, a glass plate is transported between chambers for various processes, such as deposi-
tion of chemicals on the surface. The minimization of surface scratches and damage to the glass, the rate of consump-
tion of gas, and the stability of the floating glass-plate are key considerations in the design of a gas pad. To develop
new, non-contact systems of transportation for large, thin glass plates, various shapes of the nozzle of a gas pad unit
were considered in this study. In the proposed nozzle design, negative pressure was used to suppress undesirable fluc-
tuations of the glass plate. After the nozzle’s shape was varied through numerical simulations in two dimensions, we
determined the optimal shape, after which three-dimensional analyses were carried out to verify the results from the
two-dimensional analyses. The rate of heat transfer from the glass plate, as a result of the gas jet, was also investigated.
The average Nusselt number at the glass surface varied from 22.7 to 26.6 depending on the turbulence model, while the
value from the correlation for the jet array was 23.5. It was found that the well-established correlation equation of the
Nusselt number for the circular jet array can be applied to the cooling of the glass plates.

Keywords: Liquid crysral display panel; Non-contact transportation; Sputtering equipment; Computational fluid dy-
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1. Introduction

Liquid crystal displays (LCDs) are flat panel dis-
plays most widely used in various applications rang-
ing from small cellular phones to large-sized televi-
sion sets. A sputtering system, which is used to make
gates, sources, electrodes of drain, common elec-
trodes, indium tin oxide(ITO) pixels, and black ma-
trix for color filters, is a key system in developing
facilities during the manufacture of LCD. Due to the
expanded sizes of products, such as personal com-
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puter (PC) monitors and television sets using LCDs,
industries have focused on the use of large-sized glass
plates to increase throughput and lower cost. Genera-
tion 7 (G7) production lines that use roughly 2,000
mm X 2,200 mm glass plates are currently in use.
Meanwhile, G8 (or newer) production lines that will
use wider glass plates than the G7 will eventually
dominate the market.

A glass transportation unit picks up a glass plate
and introduces it into a sputtering system. It then se-
quentially moves the plate to the loading chamber,
buffer chamber, and process chamber for chemical
deposition on the glass surface. In older, cluster-type
sputtering systems, glass plates are moved horizon-
tally, which necessitates a very large site in factories.
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A vertical, stationary type of system, in which glass
plates are moved in an almost vertical trajectory, is
now adopted as a solution to overcome space restric-
tion. However, mechanical friction, such as in be-
tween rollers and rails in transportation units, can
create very tiny particles of dust that result in poor
panel quality. Therefore, interests have grown in
terms of developing non-contact techniques for trans-
portation.

Several methods, including gas jets [1, 2], electro-
static force [1], and acoustic levitation [3], were re-
ported as non-contact transportation techniques. The
use of gas jets has little effect on the glass surface or
the chemical process, whereas electrostatic force may
influence it. It is difficult to use acoustic levitation for
very large glass plates because of the low range of
levitation.

In the past, we reported the shape of the gas pad for
the levitation of glass in terms of the type of nozzle
and the arrangement of nozzles and slots for effusion
[2, 4, 5].The distances between nozzles or pitches
along both horizontal and vertical directions were
determined for minimizing gas consumption. The size
of the effusion slots was determined to obtain an
evenly-distributed pressure profile on the glass sur-
face to avoid damaging the plate. On the basis of the
analysis, the G7 glass plate was successfully levitated
and moved using the gas pad.

One major concern for non-contact transportation
techniques is stability during transportation. In con-
tact-based methods of glass transportation that use
chucks or carriers, processes instantaneously pause
should there be a problem in the transportation unit.
In non-contact transportation, an unstable, external
disturbance can cause abrupt change or vibrations
during levitation, which may cause the glass plate to
break. If this occurs, the operation is completely
stopped since the debris needs to be cleaned, but this
takes time because the operation requires the system
pressure to equal with the atmospheric pressure be-
fore the equipment is opened up. Thus, the throughput
is lowered due to the shutdown of the system, and
additional time and cost are needed to restore high
state of vacuum into the system. Therefore, it is very

important to prevent an unstable, external disturbance.

Gas pads, which were reported in the study and de-
termined by numerical simulations of Jun et al. [5],
could levitate and transport actual-sized glass plates.
However, when gas pads are used, the glass plate
vibrates during the initial stage of the transportation.

Thus, the design of the gas-injection nozzle was con-
sidered in this study to prevent vibration. To improve
the stability of the glass plates, the different shapes of
the injection nozzle and the effusion holes were
matched to generate a negative pressure distribution
on the glass surface. The pressure distribution on the
glass surface was first analyzed for various shapes of
the gas pad prior the set-up of the experimental appa-
ratus that would use the glass-plates.

During the manufacturing process, the glass plate is
heated up to about 420 K in the heating chamber be-
fore its transfer to the process chamber where it will
be coated by the sputtering process. If the temperature
drops considerably, owing to the injected gas used to
move the glass plate, during transport from heating
chamber to process chamber, additional energy is
required to heat up the glass plate. Therefore, the heat
transfer characteristics of the glass surface that is
impinged by a gas jet were also analyzed to check the
drop in temperature during transportation.

2. Gas pad for the transportation of glass

Im et al. [2, 4, 5] studied the optimal design of the
gas pad configuration that reduces gas consumption
and pressure concentration on the glass surface. Two
types of pad have been proposed for the G7 system.
The first pad [2, 4] is composed of several lines of
injection holes and effusion slots between the lines of
the injection holes that regulate the pressure in the
spaces between the glass plate and the gas pad. The
second pad [5] is designed to lower gas consumption
in comparison with the first pad. Injection and effu-
sion holes are concentric rings wherein the inner cir-
cle is used for injection and outer ring is used for
effusion.

Experiments on the use of the proposed nozzle-
shape revealed successful levitation and transporta-
tion, but there vibrations were observed at the early
stage. In this study, the shapes of the injection nozzle
and the effusion holes were varied to minimize vibra-
tion. Fig. 1 shows a schematic of the nozzle part of
the gas pad with a typical pressure-profile on the glass
surface. A ring-type injection nozzle was designed in
the shape of a bell; this ensures the presence of high
pressure over a wide area surface. Following imping-
ing, the flow of gas was accelerated through a narrow
passage and lowered the pressure to negative values.
This negative pressure acts like a chuck on the glass
surface; hence, it is expected that stable conditions of
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Fig. 1. Schematic diagram of a nozzle in a gas pad with a
typical pressure distribution on the glass surface.
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operation will be easily achieved compared to the
previous design [5].

In consideration of geometrical symmetry, domain
of analysis was chosen for this study, as illustrated in
Fig. 2. The effects of the design variables on pressure
distribution were numerically tested to obtain data for
the design of the pad. Design variables include r,
that confines the recirculation zone, the levitation
height 4, and variables ¢ and c¢,, which are re-
lated to the sizes and positions of the effusion holes.
Prior to the analysis of the variation of the nozzle-
shape, the base geometric dimensions were deter-
mined from previous studies [2, 4, 5]. Base geometry
was used to test the grid system and turbulence-model
conditions. The distance between the injection holes
(2R ) was set to 60 mm although the optimal value in
previous studies were found to be dependent on 7.
Other dimensions were normalized by H as fol-
lows: n/H=033, r,/H=25, b/H=0.5, and
h/H = 0.83. Variables related to the effusion holes,
¢ and c,, were both set to zero; that is, the holes are
open to the surrounding in the base model.

Fig. 2. Geometry of a gas pad for the analysis.

3. Analysis

Assuming that the flow is incompressible and in a
steady state with constant properties, the governing

equations for the geometries shown in Fig. 2 were
derivd as two-dimensional axisymmetric continuity
and the well-known Reynolds-averaged Navier-
Stokes equations with appropriate turbulence-model
equations.
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where S, is the averaged strain-rate tensor that is
given by
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The incompressible flow assumption was developed
based on the magnitude of gas velocity at the inlet. It
was expected that a maximum value, aboutl5 m/s,
would cause no significant pressure build-up since the
flow field was open to atmospheric conditions.
Variations of the fluid properties according to tem-
perature can also be neglected in the temperature
range from 300 K to 420 K because they do not vary
significantly. Instead, the properties at the film tem-
perature were used for heat transfer calculations.

A constant inlet-velocity and temperature were im-
posed for the injection hole. The inlet-velocity was
calculated from the assumption that the area integra-
tion of the pressure on the glass surface is equal to the
weight of the glass plate. The gas temperature at the
inlet was assumed to be 300K. A no-slip condition
was applied to all the solid surfaces, such as the glass
plate and the steel pad. A zero heat-flux condition
was applied to the nozzle-wall for the sake of simplic-
ity, and also because the wall was relatively thick,
which implies that thermal conditions would remain
similar across the entire wall of the nozzle.

The commercial computational fluid dynamics
software, FLUENT [6], was used to solve the govern-
ing equations. The grid system was determined from
the numerical experiments. Fig. 3 shows the results
from the grid test. The pressure distribution did not
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Fig. 3. Variation of the static pressure along the glass surface
for the grid test.

change in grids that are finer than 65%127; hence, this
system was used throughout the flow calculations,
although the location of the dense grid was changed
according to the shape of the nozzle. The Nusselt
number was investigated to find out the effects of the
grid system on the heat transfer characteristics. The
average Nusselt numbers for the same grid systems,
as shown in Fig. 3, are 32.6, 35.0, 36.9, and 37.7,
respectively. The Nusselt numbers along the glass
surface for the 65x127 and 70x132 cases were almost
duplicate profiles except for the vicinity at maximum
point. The average value of the latter only slightly
increased due to the increase in peak value. Therefore,
the same grid systems (flow calculations) were used
for the heat transfer calculations.

The flow was assumed to be turbulent because the
Reynolds numbers based on 4 and (hA+ H ), con-
sidering the properties of air at room temperature, are
5340 and 11750, respectively. The flow that was con-
sidered in this study is similar to the impinging jet at
the early stage, which then transforms as a channel-
flow between circular plates. Several turbulence-
models were tested to find the proper turbulence-
model for this flow situation. Fig. 4 shows the test
results from the standard k-¢ model [7], the k-®
model [8], and the Reynolds stress model [9], along
with the results from the laminar flow for the sake of
comparison. The result from the k- model is qualita-
tively similar to that of the laminar flow. The k-¢
model and the Reynolds Stress Model yield similar
profiles. The k-¢ model was chosen because (i) it is
cost-effective in the number of equations when com-
pared to the RSM model; (ii) previous studies on
turbulent coaxial confined the jet flow [10], showing
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Fig. 4. Results from the turbulence model (the solid line
depicted as ‘5-equations’ are from the Reynolds Stress
Model).

the k-& model to be successful in predicting the veloc-
ity profile along the radial direction; and (iii) the pres-
sure distribution profile, rather than the quantitative
value of the pressure, was deemed important in the
design of the nozzle-shape because of the stability of
a glass plate. The overall pressure for the lift can be
adjusted up to certain range using the gas inlet veloc-
ity once the shape of the pad is determined.

4. Results and discussion

4.1 Shape of the injection nozzle

To determine the optimal shape of the nozzle, the
first r, is changed. The recirculation zone, which is
mainly due to the abrupt change in the direction of
flow following impinging of the flow on the glass
plate, freely develops as r, is increased. Fig. 5
shows the variation of the pressure coefficient ¢, as
r,/H varies from 1.0 to 3.0. The pressure coefficient
can be defined as

/’ - (5)
o PUi,

When r, is small, the recirculation zone cannot de-
velop freely because most of the gas following im-
pinging upon the glass plate flows out along the plate.
Therefore, there is no region of negative pressure, and
the injected gas stream pushes the plate without pull-
ing it, as with existing designs of gas pads. It seemed
difficult to obtain a levitation force when r,/H =3.0
because the region of negative pressure was too wide;
the levitation force is only 13%, as compared to 0.03
Pa-m” when the ratio is 1.0.

C,=
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Fig. 5. Pressure coefficients for various values of 7,/H .
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Fig. 6. Variation of the pressure coefficient with the normal-
ized length, #/H , of the gap between the pad and the glass
plate.

Fig. 6 shows the variation of the pressure coeffi-
cient with 4 , the distance between the gas pad and
the glass plate. The speed of the gas flow increases as
h decreases because a small value of /4 implies a
narrow passage of flow. As a consequence of the
Bernoulli theorem, the pressure coefficient becomes
small as speed flow increases. It is possible to obtain
both positive pressure for levitation and negative
pressure for stability by adjusting the length of the
gap between the glass plate and the pad. However, it
is important to maintain the proper length of gap be-
cause a very narrow gap can cause damage to the
glass plate when it vibrates or fluctuates during trans-
portation.

4.2 Shape of effusion holes

Basically, high pressure can be obtained when a
minimum amount of gas is effused. However, when
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Fig. 7. Variation of the pressure coefficient with ¢/H.
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Fig. 8. Variation of the pressure coefficient with c,/H.

stabilizing the glass plate, an appropriate amount of
gas needs to flow out through the effusion holes [11].
Fig. 7 shows the variation of the pressure coefficient
along the radial direction in relation to ¢ . Up to an
axial distance of 16 mm, ¢ was seen to have little
effect on the pressure around the injection nozzle. An
increase in ¢ produces a positive effect on the levi-
tation force since pressure rises after 16 mm. The
¢/H =1.0 was chosen instead of 1.5 due to the sta-
bility of the glass plate during transportation. The
value should be adjusted in future experimental stud-
ies because stability analysis was not considered in
this numerical study.

Fig. 8 shows the variation of the pressure coeffi-
cient with the parameter c,, which was clarified in
Fig. 2. The overall pressure decreased slightly when
¢, was increased because a long and narrow passage
of flow accelerates gas speed. It can be inferred that
once a sufficiently negative pressure is obtained, an
excessively large ¢, is unnecessary because of the
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resulting loss of the levitation force. We chose 0.0
because it provided the largest levitation force, and
the profile of C, was similar for the three values of
c,.

4.3 Heat transfer characteristics

The glass plate was coated by several materials,
such as ITO and Cr, in the sputtering chamber. For
efficient coating, the glass plate was heated up to 450
K. In general, a sputtering system has separate heat-
ing and process chambers for heating the glass plate
prior to coating.

The glass plate was cooled down during transporta-
tion from chamber to chamber with the use of a gas
jet. The characteristics of heat transfer are reported in
this section. Based on the simulation results,
n/H=25, h/H=2/3, ¢/H=1.0, and ¢, =0.0
were chosen as the optimal shape of the nozzle. The
temperature of the glass plate was set to a uniform
temperature of 413 K, which was the mean value of
the temperature measured in the actual process [11].

Fig. 9 shows the Nusselt number profile on the
glass surface as a function of the hydraulic diameter
of the injection hole. The problem considered in this
study was similar to the impinging-jet problem con-
sidered by Martin [12]. The Nusselt number profile
showed a similar trend, as depicted by a dashed line,
for the single-wall jet problem, which was considered
by Martin [12]. Martin [12] also suggested the fol-
lowing equation for periodic, circular-jet arrays with
period sand Ar=7D’/4s.

Nu__ o.SK[Ar,%]G[Ar,%]

Pr°

ReZ/S (6)

In Eq. (6), K and G can be obtained from,

H/D 67-0.05
K=|14+|——— 7
[0.6/Ar”] } ™

_ 1/2
G=ougpn1=224r . ®)

1+ 0.2(% —6)r'”

For the geometry shown in Fig. 2, the mean Nusselt
numbers calculated from Eq. (6) using the hydraulic
diameter, instead of p, were 23.1 and 23.5 for the
gap-lengths of (H+h) and h, respectively. The simu-
lated result, which was the average value of the local
Nusselt number (Fig. 9), is 25.8, which is about 10%

100.0
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Fig. 9. Variation of the Nusselt number along the radial direc-
tion of the glass plate.

greater than those from Eq. (6). In light of the as-
sumptions of adiabatic nozzles and constant glass
temperature, the difference was not significant. It can
be said that Martin’s correlation on the nozzle array
can be applied for the calculation of the cooling pro-
file.

4.4 3-dimensional analysis

On the basis of the nozzle-shape that was deter-
mined in the previous sections, the configuration of
the nozzle array was prepared for three-dimensional
flow and heat transfer calculations. The boundary
conditions were the same with the two-dimensional
analysis except for the symmetric condition that was
imposed at the cutting planes stem from the periodic-
ity of the nozzle array.

Fig. 10 shows the velocity contours at the selected
planes. After hitting the glass plate, gas flow change
along the direction of the glass plate, and gas leaves
the domain through effusion holes. Fig. 11 shows the
pressure coefficient profile along the glass plate from
the three-dimensional calculation along with the re-
sult from the optimal, two-dimensional, axisymmetric
calculation. Results from the two-dimensional analy-
sis are in good agreement with the result from the
three-dimensional  analysis although the two-
dimensional domain was assumed to be axisymmetric.
From this result, it appears that the two-dimensional
axisymmetric approach of the previous section is
valid.

The Nusselt number profile from three-dimensional
analysis is plotted in Fig. 9. The average Nusselt
number is 26.6, which is 3.1% greater than the result
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Fig. 10. Velocity contours at the selected planes from three-
dimensional analysis.
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Fig. 11. Comparison of the pressure coefficient for two-
dimensional and three-dimensional analysis.

from two-dimensional analysis, viz., 25.8. The drop
in temperature of the glass plate during transportation
can be predicted from the energy balance between the
heat loss from the surface and the volumetric energy
loss.

Q=hA(T,~T,)=pVec,AT ©)
where V' is the volume of the glass plate. The heat
transfer coefficient, 4, which was calculated from
the average Nusselt number, is 13.3 W/m>-K. The
predicted drop in the temperature of the glass plate is
11K

The k-¢ turbulence model could be the reason
why the Nusselt number is larger than Martin’s corre-
lation. The k- model overestimated the turbulent
intensity at this flow-problem as compared to a rela-
tively low Reynolds number. To clarify this point, the
problem was re-analyzed using the k-o turbulence
model. The average Nusselt number resulting from

the k- model is 22.7, while the drop in the tempera-
ture of the glass is 0.96 K. As expected, the k-®
model yields a Nusselt number that is 15% lower than
in the k-¢ model. However, it can be said that heat
transfer is not an important concern because the tem-
perature drop of about 1.0 K of the glass is negligible
during the transportation.

5. Conclusions

In this study, the effects of the design variables of
gas pads were numerically investigated for the non-
contact transportation of glass plates in a sputtering
system during the manufacture of LCD panels. To
obtain information on the optimal design of pads, the
variation of the pressure coefficients was plotted as a
function of the dimensions of the shape of the nozzle.

In the case of small 7, in relation to the recircula-
tion zone, negative pressure for the stability of glass
plates was not formed. As r, increased, the pressure
decreased along with the loss of the levitation force.
The region of negative pressure became large since
either the length of the gap, /, between the pad and
the glass plate or the levitation height decreased.
Given that a very small gap causes damage to glass
plates, the length of the gap has to be carefully deter-
mined. In terms of levitation force, the smallest re-
gion possible except the nozzle shoulder is desirable
between the nozzles.

Furthermore, the Nusselt number profile of the
glass plate resulting from the gas injection was con-
sidered in this study; it was similar to the convective
heat transfer characteristics of wall jets. The average
Nusselt number that was calculated from the k-g
model was 15% higher than in the k-w model. It was
also found that Martin’s correlation, with regard to
the circular nozzle array, was applicable for estimat-
ing rate of cooling.

Nomenclature

Ar  : Area, shown in Eq. (6)

b :Width of a gas inlet (in Fig. 2)

C, : Pressure coefficient

: Length of the wall near the symmetric line (in
Fig. 2)

: Length of the wall (in Fig. 2)

: Diameter of a circular nozzle

: Height of a bell-type nozzle (in Fig. 2)

: Length of the gap between the gas pad and the

[

SRS



L-T. Im et al. / Journal of Mechanical Science and Technology 23 (2009) 3416~3423

glass-plate
Nu : Average Nusselt number
P : Mean static pressure
p :Instantaneous static pressure (Pa)
Pr :Prandtl number
R : Half of the distance between the injection holes
Re :Reynolds number

r, r, - Radii of the nozzle shown (in Fig. 2)
;- Strain rate tensor

s :Period of the circular jet arrays

U, :Mean velocity in tensor notation

u, :Instantaneous velocity in tensor notation

u,' : Fluctuating velocity in tensor notation

u, : Velocity of the gas inlet (m/s)
V' :Volume of the glass plate
x, : Position vector in tensor notation

Greek symbols

p  :density of the fluid
p : dynamic viscosity of the fluid
7. : Reynolds stress tensor, Eq. (3)

b
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