Fabrication of gated niobium nitride field emitter array
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We have fabricated a gated niobium nitride field emitter by the transfer mold method. A silicon
mold was fabricated by anisotropical etching, followed by oxidation of the mold and deposition of
niobium nitride. Niobium nitride thin films were prepared by ion-beam-assisted deposition. After
attaching the sample to a glass substrate, the silicon mold was removed by mechanical and wet
etching. A molybdenum thin film was then deposited by electron-beam evaporation. Formation of
a gate aperture and an insulating silicon dioxide layer were performed by wet etching of only the
apex, with other regions being protected by a photoresist layer. An electron emission test of the
fabricated emitter array was performed in a high vacuum. We confirmed electron emission of up to
0.1 ©A at the emitter—gate voltage of 30 V. @001 American Vacuum Society.
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I. INTRODUCTION a gate electrode. Figuregal-1(h) show a schematic draw-

Transition-metal nitrides and carbides possess high meling of the device undergoing processing. Figurés-11(e)
ing points, chemically inert surfaces, high electrical conduc-are the emitter formation process, and Fig$) and Xg) are
tivities, and relatively low work functions? These proper- the gate formation process.
ties meet the requirements of the cathode material, which is
exposed to the severe conditipns of Joule hgating and iog Formation of NbN emitter by transfer mold method
bombardment. Generally, carbidesttract much interest be-
cause of their low work functions, and nitrides have attracted First, the thermal oxide (S layer with a thickness of 1
less interest, except for titanium nitride. Transition-metal ni-«M on thep-Si(100) substrate was patterned. A positive tone
trides have higher heats of formation than the carbidmsj  Photoresist, OFPR800 okyo Ohka, 20cp was spin coated.
higher stability of the material is therefore expected with theA mask pattern consists of 26 circles, each with a diameter of
nitrides. We have been investigating the film property and3 #m. The 25 circles were arranged in a square having sides
the electron emission properties of transition-meta|made by five circles of ZQLm intervals. Another circle was
nitrides®” We found that niobium nitridéNbN) with the  located beside the square to show the orientation of the
stoichiometric nitrogen composition exhibits a stable elecsample. After developing the photoresist, the Si@er was
tron emissior, which agrees with the results of the evalua- €tched off by buffered hydrofluoric aci®HF), resulting in
tion of bulk nitride emitter$. We also confirmed a greater the formation of 26 holegFig. 1(@)]. In Fig. 1, the process
resistance against ion bombardment of this matériehe  for one circle is illustrated.
emission test was performed, however, with a simple diode The silicon substrate under the Si@ask was anisotrop-
structure that consists of nitride-deposited silicon cones ant¢ally etched by tetramethylamoniumhydroxi@eVAH, To-
a counter electrode. To demonstrate the feasibility of th&yo Ohka NMD-3. Due to the low etching rate for the
nitride as a cathode material, establishing a fabrication proSi(111) plane, pyramidal pits were formedrig. 1(b)]. The
cess of nitride emitters is necessary. In the present article, waiO, layer at the surface was removed, and then the entire
fabricated a gated NbN field emitter array by the transfesurface was again oxidized in a furnace with oxygen flow
mold method®. This method has such an advantage that thidFig. 1(c)]. Oxidization was performed in a dry atmosphere
process has no preference of cathode material. In depositirff§r 3 h, then in a wet atmosphere for 7 h. The resulting film
the nitride, we adopted ion-beam-assisted deposition b;hickness was about 600 nm. This oxidized layer acts as an
which low-temperature growth of the compound material isihsulator between the emitter and the gate.

expected. The mold was filled with NbN film by ion-beam-assisted
deposition[Fig. 1(d)].® The deposition conditions are listed

Il. FABRICATION OF GATED NBN EMITTER in Table I. There are some difficulties in filling material in

A. Flow of fabrication process the pit, because the metal vapor and the ion beam are inci-

L . . . dent on the substrate from different directions. We set the
The fabrication process is d|V|d_ed INto tWo MAjor pro- g petrate to have a similar angleominally 22.5°) to the
cesses: the formation of a NbN emitter and the formation OEvaporator and the ion source, to avoid only one component

of the material sticking to the face of the mold, as shown in

3Author to whom all correspondence should be addressed; electronic mail::ig 2. Monitoring of the deposited film was performed by
ygotoh@kuee.kyoto-u.ac.jp T

Ypresent address: National Institute of Advanced Industrial Science an@nalyzmg the film tha_t was SimUItane_c_’USIy_ deposiFed on a
Technology, Tsukuba 305-8568, Japan. flat substrate. The nitrogen composition in the film was
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. . . Fic. 2. Angle of the sample in the ion-beam-assisted deposition system and
Emitter formation Gate formation resulting film thickness on the different side of the mold are shown. The

L L . o difference in thickness is exaggerated.
Fic. 1. Fabrication process of a gated niobium nitride emitter is shown.

The sample was attached to a glass plate with a vacuum
sealant(Varian, Torr Sealas an adhesive. After the attach-

evaluated by Rutherford backscattering spectrometry. Wé&ent, the silicon mold was removed, first by mechanical
adjusted the deposition conditions so that the film on the flagtching and then by wet etchingig. 1(e)]. The initial stage
substrate had a stoichiometry nitrogen composition. Al-Of the wet etching was performed with potassium hydroxide
though it is difficult to estimate the composition of the film (KOH). This etchant was used because tetramethyl ammo-
inside the mold on each side of the pyramidal mold, suffi-nium hydroxide(TMAH) did not show start of etching. The
cient nitrogen was considered to be incorporated in the filngtchant was changed to TMAH after the etching started, be-
on each side. This was suggested by the adequate resistari@ise KOH dissolves the SjGayer.

of the emitt_e.r against the BHF exposure as de;cribgd Iateb Formation of gate aperture

After depositing a 300 nm NbN film, Nb evaporation without

ion bombardment was performed to ensure the stiffness of A molybdenum(Mo) thin film with a thickness of 300 nm
the device after the removal of the silicon mold. The nominaWas electron beam evaporated at room temperature as a gate
total thickness was about Am. Figure 3a) shows a scan- €lectrode[Fig. 1(f)]. Figure 3b) shows the SEM image of
ning electron micrograptSEM) image of the cross-sectional the Mo covered sample. After deposition of Mo, the sample
view of the NbN-deposited mold. The outermost layer iswas spin coated with a photoresi€FPR800, 50cp[Fig.
NbN, and the internal layer is SiOThe NbN film filled the ~ 1(9)]. The revolution and coating time were adjusted to 3000
mold, but the thicknesses of the NbN films differed betweer’PM and 40 s, respectively, so that the photoresist layer cov-
the faces in the mold, as expected. As shown in Fig. 2, met#rs the entire sample except the apex of the pyramids. The
vapor comes from just below, whereas the nitrogen ion bearfi@mple was dipped into phosphoric nitric acid without devel-
comes from the right-hand side. This means that the flux oPPing the photoresist, to form a gate apertiiFeg. 1(h)].

the metal vapor becomes higher for the right-hand side facubsequent etching of the oxide layer was performed with
of the mold, and that the flux of the nitrogen ions becomedBHF. During the etching process of the Sifayer, the emit-
higher for the left-hand side face of the mold. Thus, the layeter layer was exposed to the BHF. The preliminary test
formed on the left-hand side face was fabricated at a lowephowed that NbN was not attacked by BHF, although el-
deposition rate with a higher ion-current density, resulting inemental Nb was seriously attacked. Figufe)3hows the

the formation of a thinner layer on the left-hand side face asSEM image of the completed sample. Some of the gate elec-
compared with the right-hand side face. trodes were lost due to peeling off, but most of the gate

aperture formed successfully. FigurédBis a magnified
view for one emitter. A gate aperture of aboutun was

TasLE |. Deposition conditions of NbN emitter layer by ion-beam-assisted formed.
deposition are shown. lll. ELECTRON EMISSION TEST
Term Condition A. Measurement system
A ’\_“”‘I’ge” ‘°”_e”£/f33é 6200 ev The measurement chamber and circuit used in the present
frival rate ratio(N/Nb) 0 study is that used for evaluating Spindt-type cathodes in our
Substrate temperature 500 °C 0 .
Nominal thickness 300 nm laboratory'® The gate electrode was grounded, and the emit-

ter was negatively biased. An external collector, that is a
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phosphor-coated conductive glass plate, was positively bi-
ased to 200 V. The gap between the sample and the collector
was about 5 mm. In the present setup, the electric field be-
tween the gate and the collector was sufficiently weak so as
not to cause electron emission from the gate electrode. The
chamber was evacuated by a turbomolecular pump @ 10
Pa. The collector current and gate current were monitored.
Through a view port, we observed the emission pattern.

B. Electron emission characteristics

Figures 4a) and 4b) show a typical example of the
current—voltage characteristics and the Fowler—Nordheim
plot of the fabricated emitter, respectively. The current—
voltage characteristics were first those represented by the
rhombus symbols, but after some occasional arcs, changed to
those represented by the circle symbols. The emission
threshold shifted from 17 to 22 V. However, between these
arcs, the current was fairly stable. The collector current
reached 0.1uA at the gate—emitter voltage of 30 V. The
degradation would probably be due to the destruction of mi-
croprotrusions. The gate current was as large as /180
which includes the emitted current to the gate and the leak-
age current.

The luminescence was observed just above the device,
which suggests the emission was from the fabricated device.
Together with this spot, some additional spots were occa-
sionally observed around the major spot. The major spot was
stable and did not change its position. The emission pattern
showed that the emission was limited by the presence of th

Collector current Ic (nA)

1375

Fic. 3. SEM of the fabricated device is show(a)
NbN-deposited mold(b) Mo-deposited emitter array,
(c) after gate-aperture formation, atd) close-up of the

fabricated emitter are presented.
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1G. 4. Electron emission characteristics of the fabricated gated NbN emitter

gate electrode. This result agrees with the large current obge shown.(a) Current—voltage characteristics afi) Fowler—Nordheim

served for the gate electrode.
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plot are presented.
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