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Fabrication and characterization of gated field emitter arrays with self-
aligned carbon nanotubes grown by chemical vapor deposition

In Taek Han,® Ha Jin Kim, Young-Jun Park, Naesung Lee,” Jae Eun Jang,
Jung Woo Kim, Jae Eun Jung, and Jong Min Kim®
FED Project Team, Samsung Advanced Institute of Technology, P.O. Box 111 Suwon 440-600, Korea

(Received 1 May 2002; accepted for publication 17 July 2002

Field emitter arrays with multiwall carbon nanotub@NTs) grown inside their gated holes were
fabricated on glass substrates. The Fe—Ni—Co alloy catalyst dots on which the CNTs would be
grown were deposited into the gated holes by a self-aligned method to maintain a constant distance
between CNT emitters and gate electrodes. The CNTs were synthesized by thermal chemical vapor
deposition using a gas mixture of CO and Ht 500 °C. The CNT lengths were controlled by
changing ratios of CO to H Field emission currents and images were monitored as a function of
gate and anode voltages. It was shown that the CNT emitters grown just up to the gate electrode
height operated best in a triode mode. 2002 American Institute of Physics.

[DOI: 10.1063/1.1506408

It has been a hot issue for about last ten years to exploreased on glass substrates. One of the requirements to de-
new materials for the field emitters which can easily emitvelop the gated CNT FEAs is controllability of their dimen-
electrons, from metals having high electron densities near thg&ional parameters such as gate hole diameters, CNT lengths,
Fermi level to wide band gap materials having negative elecENT-to-gate electrode distances, etc. Here we developed a
tron affinity!=® Since the discovery of carbon nanotubesself-aligned growth method of CNTs inside the gated holes
(CNTs), they have attracted much attention due to their exto easily keep a designed distance between CNT emitters and
cellent field emission characteristics for vacuum microelecgate electrodes. The CNTs were deposited into the gated
tronics. The CNTs possess inherent geometry of high aspetibles as low as 500 °C by thermal CVD on the gated FEAs
ratios (small diameter and large lengtBuch that many sci- of glass.
entists have investigated their field emission properties, re- The gated FEA templates with the 2.5 in. diagonal were
porting lower electric fields for electron emission than anyfabricated by photolithography processes, as illustrated in
other materialé~® Beyond such scientific interest, the efforts Fig. 1. The larger gate holes in diameter than expected by
to apply the CNTs to vacuum microelectronics have beemphotoresis{PR) are defined by overetching. The Si@su-
intensively made, among which gated CNT field emitter ardator is wet-etched through the gate holes as well as the PR
rays (FEA9), in particular, for the display applications, are holes. Thereafter, the Invar alloy (Fe:Ni:€82:42:6) is
most interesting. deposited to be catalyst for the CNT synthesis by electron

Two methods have been developed to put CNTs into the
gated holes so far. One is to squeeze the CNT mixtéres Cathode metal deposition & a
most cases with organic vehicjesito the holes, and the patterning Hole patterning
other is to directly grow the CNTs inside the holes by chemi- S (over-etching)
cal vapor depositiofCVD).°'2 The former approach has

photoresist

already demonstrated color moving pictures with the gated ﬂ,
CNT FEAs® This has shown a strong potential of application Resistive layer
of the CNTs to the field emission displays, but seems to be formation

limited to large area and low resolution displays. Thus, to
achieve high-resolution displays with extremely low opera-
tion voltages requires direct growth of CNTs inside of the Catalyst deposition
gated holes and precise control of gate-to-CNT emitter dis- Insulator layer (e-beam evaporation)
tances. Several groups? have fabricated and operated the formation ATATL
gated FEAs with the CNTs directly grown by CVD, how- ’
ever, those were of primitive cells and moreover fabricated at
high temperatures over 600 °C. Higher temperatures than
500 °C are usually not allowable to field emission displays

Gate metal coating o
& patterning PR stripping
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jmkim@sait.samsung.co.kr FIG. 1. Schematics of fabrication processes of FEA templates.
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FIG. 2. (a) SEM image of an FEA with the CNT dots grown inside gate :
holes at the CO/Kiflow rates of 80/1270 sccm arfl) cross-sectional SEM 2 /m
image of CNTs in a dot. o e

beam evaporation using the PR layer as a mask to define the §
catalyst dots inside the gate holes. The subsequent PR strip-
ping produces the gated FEA template. The electron beam
deposition that supplies evaporated metal beams in the Ve, 3. Cross-sectional SEM images of the CNT dots grown inside gate
tical direction, forms inside the gate holes the catalyst dot$oles with the CO/Hi flow rates of(a) 50/1300,(b) 80/1270,(c) 100/1250,

with the same diameter with that of the PR holes. This pro_and(d) 150/1300 sccm, where the insets are their tilted images.

cess results in concentric, circular catalyst dots self-aligned

with each gate holes. No contamination by catalyst on th@®f substrate from metallic to black started to occur at 350 °C
sidewall surfaces of insulator holes prevents electrical leakand CNTs were not grown during ramp up to 500°C. Con-
age between the cathode and gate electrodes. The sefilusively, the amorphous carbon starts to form at 350°C
aligned formation of catalyst dots provides an easiness gihere the color change increases the substrate temperature
fabrication by reducing the processing steps. The diametefdy absorbing more energies. The amorphous carbon deposi-
of catalyst dots, gate holes, and insulator holes at the bottodon continues until CNTs start to grow at 500°C, finally
are 9, 13, and 15m, respectively in this experiment. The €ading to the configuration of the_Cl_\lT layer enclqsing the
as-fabricated FEA template was characteristic of a resolutioRMorphous carbon layer. A transmission electron microscopy

of 120 lines< 40 lines< 3 (red, green, blue colorswith to-  investigation of CNTs shows the herringbone, multiwalled
tally 1800000 gate holes for an active area of 3.96 cnPSiructure. _ _ .
(gate electrodes) 5.28 cm (cathode electrodgsThe gated Figure 3 shows cross-sectional and tilted SEM images of

FEA template was loaded into a vacuum chamber to grovxt/he CNT dots grown inside the gated holes with different
CNTs. After evacuating the chamber down to 1 flow rates of CO while keeping the same total gas flow rate
X102 Torr, a CO and K gas mixture was introduced up to of 1350 sccm. The CNT dot heights become larger with an
an atmospheric pressure with the total flow rate of 135dncrease of the CO flow rates from 50 to 150 sccm. At 50
sccm. Then, the substrate was heated up to 500°C by &t a small amount of C_NTs, probably including the amor-
infrared light radiation. The peak temperature of 500 °C wadnous carbon, are deposited at the bottom of the gate hole
kept for 20 min for CNT growth and thereafter ramped downlF19- 3@]. At 80 sccm, the CNTs are grown to just fit the
to room temperature. The substrate temperatures were morfate electrode heighFig. 3(b)], whereas the CNTs are over-

tored by a thermocouple located just underneath the sutfroWn slightly above the gate electrode at 100 sqéig.

strate, which was well calibrated by a CNT-coated thermo-3(©)]- Itis observed that the CNTs are more uniformly grown

couple in contact with the topmost surface of the substrate.

CNT deposition method and system were described in a pre-@) *T e vome oy o
vious report® o |2 A ey s

Figure 2a) shows scanning electron microsco{8EM)
images of a resultant CNT FEA. Hemispherical dots of CNTs
are selectively grown only on the catalyst areas. The CNT
dots are kept uniformly apart from the gate hole edges by the
designed distance of 2m so that the electrical insulation is

0.016 0.020 0.024 0.028
14 1/Voltage (1/V) 8

Anode Current (uA)

ouangana?

maintained between the cathode and gate electrodes. A ™ Sntaaleas:Hii =
shown in Fig. 2b), the hemispherical CNT dots are com- () "7 _; -
posed of an inner amorphous carbon layer enclosed by ar _ ™| ca1 \'\, a®
outer CNT layer. The CNTs are randomly oriented. The ;* . 3-:" . 8
amorphous carbon and CNT layers are about 0.8 ang.®.2 £ ° om0 ‘

thick, respectively. It seems that the inner amorphous carbon § “ o

forms because infrared light heating is not enough to synthe- 3 - o0 o Ansde V= 500V
size CNTs at the initial stage of growth. Insufficient decom- < o] 45 © & Ansiev=1500v
position of CO and H on the catalyst due to low thermal ° 10 3 3 “©

. . Gate Voltage (V)
energies would result in an amorphous phase of carbon. As

the amorphous carbon layer forms, the Invar alloy catalyskiG. 4. Field emission currents measured at anode electrodes as a function
dots undergo the color change from shiny metallic to blackof gate voltages for constant anode biases of 500, 800, 1000 V from the

Such color change enables them to absorb more energy froFH\IT FEAs with the CO/H flow rates of(a) 80/1270 and(b) 100/1250
sccm, where the insets show their Fowler—Nordheim plots. The correspond-

an infrared light, consequently giving rise to a temperature.ng emission images were ohserved at the gate valtagés 692 and(h) 30
increase of the substrate. In our observation, the color changefor the anode voltage of 800 V.
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at 80 sccm than 100 sccm. When the CO flow rate increasdsom shorter distances between the CNT dots and gate elec-
to 150 sccm, the CNT dot as high as Juf occurs[Fig.  trodes in the corresponding gate holes. This seems to agree
3(d)]. The growth rates of CNT&s well as amorphous car- with the nonuniform growth of CNTs in a hole, as shown in
bon) strongly depend on the supplied carbon quantities.  Fig. 3(c). It is noted that emission currents do not signifi-

Emission characteristics of our gated CNT FEAs werecantly change with anode voltages from 500 to 1000 V for
measured for the cathode-to-anode gap of 1.1 mm. Measuréie cathode-to-anode gap of 1.1 mm. This implies that elec-
ment conditions are descried previouSlFigures 4a) and  tron emissions from the CNTs are controlled only by gate
4(b) gives anode currents from the 2.5 in. diagonal FEAsvoltages without any diode electron emission by anode bi-
with the CNTs grown with the CO gas flow rates of 80 andases.
100 sceniFigs. 3b) and 3c)], respectively, with gate biases
for constant anode voltages of 500, 800, and 1000 V while!|. Brodie and P. R. Schwoebel, Proc. IEBE, 1006(1994.
the cathode electrodes were grounded. Sufficient eIectro@H- F. Gray, C. T. Sung, and G. W. Jones, J. SID, 14093.
emission was not observed from the 50 sccm CO grown glI.DKu4r222,1§ég(le, N. Potter, A. Krishnan, C. Hibert, and D. Elchman, J.
sample, probably due to the low CNT dot height. The samplesy, a. de Heer, A. Chatelain, and D. Ugarte, Scied®, 1179(1995.
grown with 150 sccm CO has too low electrical resistance®w. B. Choi, D. S. Chung, J. H. Kang, H. Y. Kim, Y. W. Jin, I. T. Han, Y.
between the cathode and gate electrodes to measure field!- Lee, J. E. Jung, N. S. Lee, G. S. Park, and J. M. Kim, Appl. Phys. Lett.
emission properties. It seems that the low lresistance com 7§’03h1e2n?(|:1>??'shaw, and L. Guo, Appl. Phys. Lat6, 2469(2000.
from carbonaceous deposit formed on the sidewall surface ofq. H. wang, M. Yan, and R. P. H. Chang, Appl. Phys. L&@8, 1294
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reported that high carbon concentrations give rise to Iowergg- JS Chl}’(”%;lSM_H- gaLkaHH W,'\,,LeJe’YJ' H'JChSOii_S' NC- ihal‘_' J. \GV }5"3 J.
cathode-gate resistances in the CNT FEAs made by €VD. 50 0 i 578 Jing ¥/ din,v. 3. Park, and 3. B. You, Appl. Phys.
The FEAs with the CNTs reaching the gate electrode height | ett. 80, 4045(2002.
of approximately 1um show a successful operation in a °X. Xu and G. R. Brandes, Mater. Res. Soc. Symp. P88c107 (1998.
triode mode. As shown in Fig.(@, the sample grown with Y. H- Lee, Y. T. Jang, D. H. Kim, J. H. Ahn, and B. K. Ju, Adv. Mat&2,
80 sccm CO turns on at the gate voltage of around 40V, antci489 (2002, :
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