
ARTICLE IN PRESS
Vacuum 74 (2004) 105–111
*Correspondin

958-5692.

E-mail addre

yh-lee@korea.ac

(J.-E. Yoo), jjan

(B.-K. Ju).

0042-207X/$ - see

doi:10.1016/j.vac
The vacuum packaging of a flat lamp using thermally grown
carbon nano tubes

Duck-Jung Leea,*, Seung-IL Moona, Yun-Hi Leeb, Jae-Eun Yooc,
Jeung-Hoon Parkc, Jin Jangd, Byeong-Kwon Jua

aMicrosystem Research Center, Korea Institute of Science and Technology, P.O. Box 131, Cheongryang, Seoul 130-650, South Korea
bDepartment of Physics, Korea University, Anam dong, Sungbuk-ku, Seoul 136-701, South Korea

cNano Technology Center, R-502, Iljin Nanotech Co. Ltd., Kayang Techo Town 1487, Kayang-Dong, Kangseo-Ku, Seoul, South Korea
dDepartment of Physics, Kyunghee University, Hoigi-dong, Dongdaemun-gu, Seoul 130-701, South Korea

Received 11 December 2003; received in revised form 14 December 2003; accepted 14 December 2003

Abstract

In this work, we fabricate 1-in carbon nano tubes (CNTs) flat lamp of diode and triode structure. The CNTs have

been directly grown on soda-lime glass substrate by thermal growth method. To know the optimized flat lamp structure,

we have simulated the electric field distribution in these structures by the Maxwell simulator. The metal-mesh grid is

inserted between an anode and cathode plate for dispersion of emitted electrons and decrease of turn-on voltage, and we

investigate the trajectory of emitted electrons in the triode structure. Also, we suggest the direct joint packaging method,

which needs no exhausting hole and tube. The CNTs flat lamps are successfully packaged and fully emitted with high

brightness. The emission and brightness properties of CNTs are investigated for various conditions.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The carbon nano tubes (CNTs) technology has
been rapidly developed because CNTs have a
range of electronic properties that are attractive in
the electronic and display devices [1]. During the
past few years, much work has been performed
with the aim to achieve field emission from carbon
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fiber tips, unoriented films of CNTs, and thick
films of CNTs mixed with conductive epoxy [2].
Especially, the CNTs have been reported in the
display field, which provides high bright and good
uniform emission [3]. Recently, some groups
fabricate a bulb-type CNTs lamp similar to the
CRT gun shape, which has good light emission
properties [4]. But it needs a distance of a few cm
from the cathode to anode and a high anode
voltage of above 10 kV. Therefore, this structure
has limitations of application for potable display
owing to large volume and high power. The flat
lamp fabrication technology is the most promising
method to solve the above-mentioned problems as
ed.
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well as to realize an ideal application. To realize
the flat lamp, we must develop some technologies
such as brightness, light uniformity, and high
performance packaging. Also, the packaging
technology of vacuum electronic devices has been
rapidly improved to enhance their performance
characteristics such as lifetime and durability [5,6].
In general, the field emission device has been
packaged by the cathode ray tube (CRT)-like
method. It has been proven to be limited in terms
of the high volume, out-gassing, and metal
oxidation by high-temperature process owing to
small inner volume. So the new packaging
technology is required to optimize flat vacuum
devices.
In this work we fabricate the vacuum-packaged

CNTs flat lamp of diode and triode structure,
according to the results of electric field simulation.
Also, we introduce the direct joint packaging
method, which needs no exhausting hole and tube.
The light emission is observed from 1-inch
diagonal CNTs flat lamps packaged by the above
methods.
Fig. 1. Geometrical structures of CNTs lamp: (a) diode type;

(b) triode type; and (c) direct joint type.
2. Experimental

Fig. 1 shows the geometrical structures of
vacuum packaged CNTs lamp. In the case of
diode type, as shown in Fig. 1(a), the spacing is
500 mm and the emitted area is 1-inch diagonal.
The triode type has the same structure as the diode
type but a grid is inserted between the anode and
cathode plate for the decrease of turn-on voltage
and the dispersion of emitted electron, as shown in
Fig. 1(b), and Fig. 1(c) shows the geometrical
structure of direct joint method structure, which
does not have exhausting hole and tube. The
exhausting hole of 6mm diameter, the gate and
cathode electrode lines are formed on the cathode
glass plate. And then the CNTs are grown on the
cathode plate in an active area as a dot pattern.
Fig. 2 shows the SEM images of (a) catalyst

pattern and (b) CNTs grown selectively on soda-
lime glass plate. We use the cathode metal of Ti/Cr
and catalytic metal of Fe or Ni. Generally, the
CNTs are grown in C2H2 ambient with pre-
treatment of NH3. CNTs grown on soda-lime
glass substrate have a growth temperature of
about 500–600�C, which is lower than that of Si-
wafer. The CNTs are made in Iljin Nanotech Co.
Ltd. The phosphor is deposited by screen print and
frit is dispensed on an ITO-coated anode glass.
Then it is placed on the cathode glass with
exhausting tube followed by heating to 430�C to
melt a glass frit in N2 ambient furnace.
The ZnO:Zn phosphor is printed and the glass

frit is dispensed on the anode glass plate. Then it is
placed on the cathode glass plate with exhausting
tube followed by heating to 430�C to melt a glass
frit in N2 ambient furnace. In the case of triode
type, the metal grid of mesh type is inserted
between the anode and cathode. However, the
panel having opened exhausting tube is success-
fully fabricated as in the previously mentioned
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(a) 

(b) 

Fig. 2. SEM images of (a) catalyst pattern and (b) CNTs grown

selectively on soda-lime glass plate.

Fig. 3. Simulation results of the electric field distributions for

various constructions by MAXWELL: (a) Diode type (anode-

1000V); (b) Triode type I (anode, grid-1000V; right figure

shows the electron trajectory in electric potential); (c) Triode II

(anode-2000V, grid-1000V); and (d) Triode III (anode-1000V,

grid-0V).
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process. And a sheet-type getter (ST122) is inserted
into the panel through a tube, as shown in Fig. 1.
The panel is connected to a tip-off system followed
by pumping to 1� 10�6 Torr.
In the case of the direct joint method, we

perform the pre-treatment of glass frit during a
burn-out process. It does not have exhausting hole
and tube. We fabricate the lumps of 0.3 cm length
and 150 mm height at the top of the seal-line. The
role of lumps is that of a supporter to make a
pumping-out path from the inner to outer panel.
The panel is jointed in a vacuum chamber below
10�6 Torr at about 350�C. Then, a getter is
activated at the same time.
3. Electric field simulation

The electric fields in diode and triode construc-
tions are simulated to modify the performance
such as a low voltage operation and a trajectory of
electrons emitted. Fig. 3 shows the electric field
distributions for various driving conditions by
MAXWELL simulator. The electric field of diode
type makes a parallel field along an electrode as
shown in Fig. 3(a). In the triode structure, the
modified light uniformity can be provided by
electron trajectory from emitted electron at a low
turn-on voltage. The displacement of electric field
distribution is diversely observed when voltage
variation is applied, as shown in Fig. 3. The triode
type has the same electric field as the diode type,
when the grid and anode voltages are 1000 and
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2000VDC, respectively (Fig. 3(c)). In the case of
Fig. 3(d), the grid does not contribute to electric
field distribution because electric field distribution
concentrates between the grid and anode only. The
electrons have a tendency to move along the
electric field vertically. When 1000VDC is applied
to the anode and grid electrode at the same time,
the electric field concentrates between cathode and
grid, and the electric field between the grid and
anode disperses as shown in Fig. 3(e). Therefore,
Fig. 3(b) structure has the capability of the
electron trajectory to achieve the above purpose.
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Fig. 5. Brightness variation when voltage is applied to

packaged lamp.
4. Diode-type CNTs flat lamp packaging

Fig. 4 shows the photographs of light emission
from diode-type CNTs flat lamp packaged.
Fig. 4(a) is red, (b) is green, and (c) is blue. Fig.
5 shows the measured light emission and bright-
ness variation as a function of driving voltage. We
measure a brightness of 14.8Kcd/m2 from CNTs
flat lamp packaged. But packaged lamp has lower
brightness than that before the tip-off process. The
field emission characteristics of CNTs flat lamp are
compared with those before packaging, before tip-
off, and after tip-off, as shown in Fig. 6. The
operation voltages through packaging process
shift towards the right direction in spite of a
decrease of spacing (Fig. 6(a)). Fig. 6(b) shows the
emission characteristics for the electric field, where
we can observe an increasing electric field of about
1V/mm after packaging. CNTs grown on soda-
lime glass have a turn-on voltage of 2.5–3.5 V/mm,
Fig. 4. Photographs of light emission from packaged diod
which is higher than that of silicon wafer, 1–1.5V/
mm [7]. I think that the increase of turn-on voltage
is caused by the CNTs contamination during glass
frit sintering and the worse vacuum level by out-
gasses during tip-off packaging. Although the
small quantities of gas are absorbed by the getter,
out-gasses of extremely small quantities induce a
fatal consequence in the vacuum level of FPD.
5. Triode-type CNTs flat lamp packaging

In this triode structure, a grid electrode is
inserted between the anode and cathode plate as
shown in Fig. 1(b). We insert the metal grid of
mesh type, which has two effects. One is the
decrease of turn-on voltage by reduced spacer
e-type lamps: (a) red; (b) green; and (c) blue color.
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height between the anode and cathode. Fig. 7
shows the driving voltage change for different
spacer height. Then turn-on electric field is about
2.6V/mm. When the spacer height decreases, the
driving voltage decreases exactly. Therefore, the
narrow spacing control is a very important factor
(a) 

(b) 
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height.
to obtain the low voltage driving. Also the spacing
of below 300 mm easily generates the arcing
between grid and cathode electrodes during
application of voltage.
The other is the dispersion of emitted electron

flight path to obtain uniform brightness. This is
discussed in electrical simulation results (Fig. 3).
Fig. 8(a) shows the photograph of a mounted
metal mesh grid, which has hexagonal holes of
250 mm diameter and 30 mm pitch. The grid is
connected with the electrode on the cathode plate.
Fig. 8(b) shows the light emission image from
packaged triode-type lamp when voltage variation
is applied. When 1700VDC is applied to anode and
grid electrodes, the light emission is observed as
round objects, which is thought to be the electron
trajectory effect by grid electrode. The full light
emission is observed from CNTs flat lamp at
2500VDC.
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Fig. 8. The photographs of (a) a mounted grid on cathode plate

and (b) a light emission from packaged lamp.
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6. Direct joint packaging

The direct joint method needs no exhausting
hole and tube. Both anode and cathode plates are
inputted in the vacuum chamber. Fig. 9 shows the
schematic diagrams of a pumping-out path and the
cross-sectional view of the formed lump, respec-
tively. The role of lumps is that of a supporter to
make a pumping-out path from the inner to outer
panel. The pumping-out path dimension is related
to a pumping efficiency, which can be calculated
by combination of conductance. This is the ability
of pipe to allow a unit volume of gas to pass
through in a time period [8].
We calculate the conductance assuming that the

shape of pumping path is rectangular. Then,
conductance [C] for one path becomes

C ¼ 31:1�
L2H2

ðL þ HÞW
ðl=sÞ; ð1Þ

Ct ¼ C1 þ C2 þ C3 þ C4y : ðl=sÞ; ð2Þ

where L is an interval length of lumps, H is a lump
height, and W is a represented seal-line width. In
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Fig. 9. Schematic diagrams of the lumps and the pumping-out

paths view.
this experimental, a pumping-out path of 7mm
distance and lump of 3mm length and 150 mm
height are formed. Then the seal-line width is
3mm, the calculated conductance is 0.014 l/s per
1 cm seal-line, which is similar to a conductance of
exhausting tube of 2mm diameter and 4 cm length.
Therefore, we can increase linearly a conductance
for display panel size because of the many paths
along the seal-line. Based on the theoretical
calculation, we obtain the total conductance of
0.27 l/sec in our panel with a seal-line of 20 cm
length. If we apply this method to FPD, the
vacuum efficiency of panel will be enhanced. Also,
the partial vacuum level in the panel will be
improved because a pumping-out path exists at all
sides of the panel. Since the conductance increases
linearly with increasing panel size, it is able to
overcome the limitation of pumping-out problem
which the conventional method has.
The glass frit is dispensed on anode glass plates

as seal-line and lumps. And then the anode plate is
annealed in the furnace in N2 gas ambient. To use
the direct joint packaging method, the sintering
process of glass frit is very important. The glass frit
is mainly composed of PbO, SiO2, and organic
binder. If we do not perform a burn-out process,
the device surface is contaminated by Pb, C, and
O, which is analyzed by auger electron spectro-
scopy (AES), as shown in Fig. 10. However, the
CNT flat lamps are packaged successfully by the
above method. If we can not control the packaging
0 500 1000 1500 2000

PbPbSiSiOC

Bare plate

Our condition

Conventional method

Kinetic Energy [eV]

Fig. 10. Contamination analysis on silicon wafer surface by

AES.
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3.5mm

Fig. 11. Light emission photographs of direct joint packaged

CNTs flat lamp: (a) top view and (b) side view.
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conditions such as pre-treatment and packaging
temperature, many bubbles will be generated in
glass frit. Fig. 11(a) shows the light emission
photograph from direct joint packaged CNTs flat
lamp without exhausting hole and tube. The anode
and cathode plates are directly jointed by glass frit.
The 1-in CNT flat lamp is fully emitted during the
increase of applied voltage. Then the brightness is
up to 5.4Kcd/m2 at 2800V. The total panel
thickness is less than 3.5mm, as shown in
Fig. 11(b).
7. Conclusion

In this paper, we have packaged 1-in CNT flat
lamps of three types such as diode, triode, and
direct joint method. CNTs have been grown
directly on soda-lime glass substrate by the
thermal growth method. To investigate the opti-
mized flat lamp structure, we have simulated the
electric field distribution in these structures by the
MAXWELL simulator. The diode-type CNTs flat
lamp is successfully packaged and fully emitted as
15.4Kcd/m2. In the triode structure, the metal grid
of mesh type is inserted between the anode and
cathode plate for dispersion of emitted electron
and decrease of turn-on voltage. We show the light
emission of brightness of 7.3Kcd/m2 at 2500VDC
from packaged CNTs flat lamp. Also, we intro-
duce the direct joint method without exhausting
hole and tube. It can provide advantages such as
simple, short time, small cost process and thin
panel packaging. This fact is revealed through the
vacuum efficiency modeling and experimental
results. The packaged CNTs flat lamps have light
emission of brightness of 5.4Kcd/m2.
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