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A tubeless packaging technology for field emission display (FED) devices is developed using indirect glass-to-glass electrostatic
bonding with an intermediate amorphous silicon layer at a low temperature of 2308C. The glass-to-glass bonding mechanism is
investigated by secondary-ion mass spectroscopy. To evaluate the vacuum sealing capability of a FED panel packaged by this
method, the leak characteristics of the vacuum were examined by spinning rotor gauge for 6 months and the electron emission prop-
erties of the panel was measured continuously for different amounts of time over a 26 day period. In order to examine the effect of
the removal of the exhausting tube on the enhancement of vacuum efficiency, we have calculated a theoretical vacuum level in the
panel based on conductance and throughput and compared with experimental values. 
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Field emission display (FED) is one of the most promising flat
panel displays (FPDs). The advantages of FED devices are well
known; wide viewing angle, fast response time, low power con-
sumption, and wide operating temperature range.1,2 However, a FED
panel is normally operated in high vacuum environments to provide
long-term performance and ensure reliability. In general, FED pan-
els have been packaged by the cathode ray tube (CRT) like method
that has been proved to be limited in terms of the out-gassing and
metal oxidation by high-temperature processes, and the lower vacu-
um conductance due to small inner volume.8-10 The glass-to-glass
bonding is the most promising method for solving the above men-
tioned problems as well as for realizing an ideal hermetic package.
The bonding technique of substrates has been developed continu-
ously for micromachining processes.3,4 In particular, electrostatic
bonding provides a strong hermetic seal and protection to the
devices from the surrounding effects in spite of a relatively simple
process. It was invented in 1969 by Wallis and Pomerantz, and has
mainly focused on the bonding of silicon–to-Pyrex no. 7740 glass.5,6

This paper reports the indirect glass-to-glass bonding technology
based on conventional silicon-glass anodic bonding mechanism
using amorphous silicon film for fabrication a high vacuum sealed
1.25 in. FED panel. With this method, we can achieve the shorter
pumping time and higher vacuum level under low temperatures. If
the vacuum packaging of FED, plasma display panel (PDP), and
sensors can be replaced by glass-to-glass bonding, it will become
possible to take advantage of the low cost, low package temperature,
and high vacuum efficiency this process offers. 

Experimental
In this work, a soda-lime glass substrates was chosen as a base

plate because of low permeation rate, which is the transfer rates of
gas from the high pressure side to the low pressure side.7 Normally,
Pyrex no. 7740 glasses are used for anodic bonding because the ther-
mal expansion coefficient is well matched to that of a silicon wafer.
However, such glasses cannot maintain the high vacuum level nec-
essary for long periods of time due to its high permeation rate.11

Therefore, soda-lime glass with low permeation rate is used for high
vacuum devices such as CRT, vacuum fluorescent display (VFD),
FED, etc. 

An amorphous silicon film was deposited by radio-frequency
(rf)-magnetron sputtering at 1208C on indium-tin oxide (ITO) coat-
ed soda-lime glass. Then, the bare soda-lime glass was contacted on
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amorphous silicon film, as shown in Fig. 1. The ITO film provides
planar contact and homogeneous electric field distribution during
bonding. At elevated temperatures, mobility of the positive sodium
ions in the glass was fairly high and the presence of an electric field
caused them to migrate to the negatively charged cathode at the back
of the glass wafer. As the Na1 ions migrated toward the cathode,
they left behind fixed charges (mainly oxygen ions) in the glass, cre-
ating a high electrostatic field with image charge in the amorphous
silicon. As a consequence, the contacted glasses pulled the surfaces
together and were presumed to occur at atomic bonds as Si–O–Si.8

The indirect glass-to-glass bonding mechanism was investigated by
secondary-ion mass spectroscopy (SIMS).

Figure 2a shows the schematic structure of the tubeless FED
panel by the proposed method. The capping glass was bonded to the
amorphous silicon film deposited around the hole in the back side of
the panel and, as a result, a hermetic seal of FED could be obtained.
Figure 2b shows the magnified image of Mo-tip field emitter arrays
(FEA), which was fabricated on n-type silicon (100) wafer by spindt
method.9

The exhaust hole was 6 mm diam, the gate and cathode electrode
lines of chromium were formed on cathode glass plate. Then, the
FEAs fabricated on the silicon wafer were mounted on the cathode
electrode lines of cathode glass followed by gate lines of FEAs con-
nected to the electrode lines of the cathode glass plate by wire-bond-
ing. The ZnO:Zn phosphor was printed and the glass frit was dis-
pensed on the anode glass plate. The ZnO:Zn phosphor was then
placed on the cathode glass plate and heated to 4708C to melt a glass

Figure 1. Experimental setup and mechanism for indirect glass-to-glass
bonding.
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frit in N2 ambient. However, the panel with the open exhaust hole was
successfully fabricated as mentioned above. Then an amorphous sili-
con film 200 nm thick was deposited around the hole of the back side
panel. A sheet type getter (ST122) was inserted into the panel through
the exhaust hole. Finally, the amorphous silicon film on the panel and
a capping (bare) glass was bonded successfully at 2308C with bias of
250 Vdc in a vacuum chamber under 1 3 1026 Torr. To observe the
hermetic sealing capability of tubeless packaged FED panels, the
inner vacuum level was measured using spinning rotor gauge
(SRG).10 The characteristics of light emission and stability for time
variation were observed from tubeless packaged 1.25 in. FED panel.  

Results and Discussion
Glass-to-glass electrostatic bonding.—Figure 3a shows the

glass-to-glass bonded pairs. The bonded areas appear as a dark gray
color in whole upper glass plates. The bonded samples were cut to
investigate the bonded interface region. Figure 3b shows the cross-
sectional scanning electron microscopy (SEM) images of the cut
glass pairs. The bonded interface region between amorphous silicon
film and bare glass was smooth and clearly defined. When bare glass
was pulled from bonded pairs by tensile strength, fracturing was
seen at the bulk region of the glass or the interface region between
ITO film and an amorphous silicon film. To investigate the compo-
sitional change at the interface region after the bonding process,
SIMS analysis was carried out at the fracturing at the interface. The
depth profiles were obtained continuously with the sputtering rate of

Figure 2. Geometrical structure of (a) tubeless packaged FED and (b) cross-
sectional view.
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10 nm/min for the amorphous silicon film and bonded glass sub-
strates, as shown in Fig. 4. In the amorphous silicon film, the lower
ion counts result from the difference ionization rate of film for sput-
tering of SIMS analysis.

The depletion region of sodium and potassium was observed in
the glass surface upto a depth of ,500 nm. This region is the source
of the electrostatic force that pulls both glass plates. The depletion
region of soda-lime glass of alkali-rich was deeper than that of Pyrex
glass. Also, the reaction region with increasing Si2O and SiO bond
was clearly observed in the glass side from a surface depth of
200 nm. We suppose that this could be explained by formation of
Si–O originating from silicon oxidation by electrostatic force at
interface.11-14

Emission characteristics of tubeless packaged FED.—The tube-
less packaging of the panel was achieved successfully at 2308C with
an applied bias of 250 Vdc in a vacuum chamber under 1 3
1026 Torr. Figure 5a shows the light emission generated from tube-
less packaged 1.25 in. FED panel when a gate bias of 90 V and
anode bias of 350 V was applied to the panel. To examine the emis-
sion stability over a period of time, an external bias signal was ap-
plied to one line constantly as the ON for 45 min and OFF for 15 min
for 26 days, as shown in Fig. 5b. Through fluctuation of the initial
emission current during the first 8 days, a stable emission was main-
tained for the operating time variation afterward except for the some

Figure 3. Image of bonded glass pairs; (a) optical view and (b) cross-sec-
tional view.
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emissive vibration. To test the leakage probability for the tubeless
packaged panel, we fabricated a test panel with two exhaust holes.
One of the holes was connected directly to the SRG by a glass frit
and the other was bonded in a vacuum environment by applying the

Figure 4. SIMS depth profiles of the amorphous silicon film on glass sub-
strate after bonding process.

Figure 5. Emission characteristics for tubeless packaged 1.25 in. FED; (a,
top) front and side view of light emission and (b, bottom) emission stability
for time variation.
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process described above without getter. The value of inner pressure
measured by SRG was input into the computer via an RS 232 port.
Figure 6 shows that the pressure maintained a vacuum level under
1024 Torr for 6 months. Because there is no leakage through the
bonding interface, it should be possible to apply this technology to
vacuum packaged devices. 

Vacuum efficiency of tubeless packaging.—Our method did not
require an exhaust tube, which is used in conventional CRT vacuum
packaging. The method has some advantages, such as decrease of
panel thickness and increase of vacuum efficiency. To examine the
enhancement of vacuum efficiencies of the removal of the exhaust
tube, we calculated a theoretical vacuum level in the panel based on
concepts such as conductance and throughput using Eq. 1-3. Here,
throughput [Q] is defined as the product of pumping speed [S] and
the inlet pressure [P], i.e.

Q 5 P1 3 S1 5 P2 3 S2 5 .... 5 Pn 3 Sn [1]

Q is the same all over the system. In Eq. 1, S is related with the con-
ductance [C], which is the ability of the pipe to allow a unit volume
of gas to pass through in a specified amount of time. For circular
tubes, conductance becomes15,16

Clength 5 12.1 3 D3/L, Corifice 5 11.7 3 A [2]

where D is diagonal, L is length, and A is area

1/Ctube 5 1/Clength 1 1/Corifice [3]

As described, the total conductance of the system was calculated
from Eq. 3. When we used a 2 mm diam and 4 cm long tube, con-
ductance of the tube was ,0.019 ,/s and that of a 6 mm diam hole
was estimated at 2.9 ,/s. Based on the calculated result, we expect-
ed an increase in conductance of about 153 times. Figure 7a shows
the model system used to simulate an inner pressure of the panel.
Figure 7b shows both the results, which were the values calculated
by Eq. 3 and the values measured by a ion gauges 1 and 2. Ion gauge
1 was connected directly to the vacuum chamber and ion gauge 2
was connected through the exhaust tube, as shown in Fig.7a. From
the results, we can see that the calculated value (2 mm tube) is well
matched to the value measured by ion gauge 2. Therefore, we can
estimate that vacuum level of a tubeless panel (tubeless) is about
1026 Torr, when gauge 1 is 5 3 1027 Torr. From this result, we con-
clude that the tubeless packaging method can achieve a higher vac-
uum level than can the exhaust tube under the same conditions.

Conclusion
Glass-to-glass electrostatic bonding with an intermediate amor-

phous silicon film has been developed for high vacuum packaging of
the FED panel. We observed a depletion region of alkali ions in bulk
glass and a reaction region of Si–O bond in interface from SIMS
depth profile. The light emission was stable for the time period
measured over 26 days from the packaged 1.25 in. FED panel. The

Figure 6. Inner pressure graph for packaged panel by spinning rotor gauge.
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vacuum level of the panel was kept constant for more than three
months. From system modeling, we obtained a higher vacuum effi-

Figure 7. (a, top) Schematic diagram for vacuum level test in panel by sys-
tem modeling. (b, bottom) Comparison of measured pressure (ion gauge 1, 2)
and calculated pressure. T is a theoretical value.
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ciency, more than 153 times increased conductance and ,200 times
modified vacuum level, over those of the conventional packaging
method. This new bonding method can be successfully applied to the
hermetic seal of vacuum microelectronic devices. Also, it can be
used for the low temperature processing, hermetic, and thin thick-
ness packaging.
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