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ABSTRACT

We demonstrate the production of integrated-gate nanocathodes which have a single carbon nanotube or silicon nanowire/whisker per gate
aperture. The fabrication is based on a technologically scalable, self-alignment process in which a single lithographic step is used to define
the gate, insulator, and emitter. The nanotube-based gated nanocathode array has a low turn-on voltage of 25 V and a peak current of 5 A
at 46 V, with a gate current of 10 nA (i.e., 99% transparency). These low operating voltage cathodes are potentially useful as electron sources
for field emission displays or miniaturizing electron-based instrumentation.

One-dimensional structures, such as carbon nanotubes andrientation can be controlled to be perpendicular to the
nanowires, exhibit excellent field emission propeftiésand substrate surface, and (4) the location of the nanotube/
thus are the subject of intense research into their applicationnanowire can be controlled by catalyst placement through
as potential electron sources in various vacuum electroniclithographic means. In our previous work, we showed that
applications. Their favorable field emission characteristics carbon nanotubes can be deterministically fabricated with
arise from the fact that nanotubes and nanowires are bothtypical standard deviation in the diameter and height of 4.1%
high in aspect ratio and whisker-like in shape; this is the and 6.3%, respectively, leading to excellent emitter unifor-

most effective tip structure for maximizing the geometrical mity as determined by electrical measureméht3.
field enhancement when compared with common conical tip |, applications such as field emission lartfpand gas

shapes such as sharpened, spheroidal, and pyramidal.gischarge tube electron emission is used in a diode-type

Recently, it h.as been Qemoqstratgd that nanotube eleCtrorEonfiguration where high voltage (approximatef000 V)
sources can in fact deliver high brightness electron beamsiS applied at the anode to extract the electrons from the

-2 1y\y—1 ! - . . . .
(10° Am"® st V" s, one order better than today's state- g iter However, for field emission displays (FEDS),

Zﬁg:e-ar; Srgggmg_% gegvignﬁzgz s;)rlérc\?sz Wgzs?;g;:" microwave amplifiers, and microelectron source instruments
propg)r/tiespindeed .for.sourcés employed in glectron optic/ (e.g., parallel electron beam lithography, miniature scanning
. - ) : . electron microscope), a “triode” type arrangement with an

microscopy applications. This paper investigates carbon L . pe) . yp gem

nanotubes prepared by plasma-enhanced chemical Vapoaddmonal integrated extraction gate electrode is preferred.
deposition (PECVD)® and silicon nanowires prepared by Ey integrating the gate, the gate-to-emitter distance. can be
the vapor-liquid—solid methoct® and their integration into substantially reduced and hence the voltage required for
gated cathodes. The key advar,ltages of these two techniquescontrolling electron emission is also reduced to few tens of
compared with other deposited or etched tips, is that (1) the\}OItS' This subsequently redu_ces t_he POWET, (_:omplexny, and
diameter of the structures is controlled by the catalysti$ie, cost of the gate drive/modulation circuitry. Various integrated

2 the heiaht is controlled by svnthesis ti the arowth gate cathodes usingultiple carbon nanotubes per aperture
@ g a4 ) the g have been demonstrat&d!”181°For some applications, such
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Figure 1. The self-aligned process for fabricating integrated gate
individual nanotube/nanowire cathodes. (a) A resist hole is first
patterned on a gate electrode/insulator/emitter electrode sandwich!
(b) The gate and insulator material are then isotropically etched. |
(c) A thin film of catalyst, and diffusion barrier (if required), are g
deposited on the structure. (d) A lift-off is then performed to remove
the unwanted catalyst on top of the gate followed by the nanotube/
nanowire growth inside the gate cavity. i

or emission properties for an array of such emitters has bee
reported. In nanowire literature, the fabrication of vertical
silicon nanowire arrays has been achie%dait the integra-
tion of nanowires into a cathode has not yet been demon-
strated. Hence, it is the aim of this work to show the direct | -
integration of arrays of ideal, whisker-shaped, emitters of FESEEEEES ,.\‘_
carbon nanotubes or silicon nanowires into gated cathodes e = = \
using a simple self-aligned process that is technologically FsfLER{oleliZ=TNEN
scalable.

The self-aligned process, for the carbon nanotube cathode
begins with the fabrication of a sandwich structure containing EliENIEIe]g
gate electrode (250 nm n-doped polysilicon), on insulator
(1 um silicon dioxide), on emitter electrode (100 nm Tiw/
Mo/TiW metal). An array of 300 nm diameter holes (20 000 [ =SS o
in total), with a pitch of 5um, is then patterned using e-beam Fiiies: electrodé“'(_Ti\.f\ffMo'}T i
lithography (Figure 1a showing a single resist hole) on top
of the sandwich. A reactive ion etching step using §&s 500nm
at 40 mTorr is used to isotropically etch the polysilicon gate
to form an 800 nm aperture. The silicon dioxide insulator is Figure 2. (a) Array of carbon nanotubes, with Am pitch,
then isotropically etched in buffered hydrofluoric acid (Figure deposited by PECVD of £1,:NHs at 675°C for 15 min. (b) Top
1b). Both gate and insulator are overetched to produce anview of the integrated gate carbon nanotube cathode. The pitch of

. . the gate apertures isgBn. The nanotube appears as a bright dot in
undercut so as to prevent emitters from touching the gateeach gate aperture. The dark contrast around the gate (within the

and the silicon dioxide from being charged during field gotted circle) arises from absence of the underlying,%iSulator
emission. A 15 nm thick conductive TiN layer is then which has isotropically underetched. (c) Cross section SEM view
deposited by sputtering, followed by 7 nm of Ni, which acts of the integrated gate carbon nanotube cathode, showing the gate
as a catalyst for carbon nanotube growth (Figure 1c). The electroge, ci:nsulatr?r,_ emitter eleri:_trodef, hand vertic;llr)]/ sta”?ing
role of the TiN is to prevent Ni diffusion into the back me_tal ;?gvoetﬁt zh(ortN )c'irrzuﬁslst?éiev%gr? ttch;r;%% :ar?dg:rtr?it'?;. the insulator
electrode during carbon nanotube growth. It must be pointed

out that the resist hole defines the gate, insulator, and emitterstraight, vertically aligned carbon nanotubes (Figure 2a,
position and thus these features are “self-aligned”. The deposition time 15 min). Structurally, these nanotubes have
unwanted TiN and Ni over the gate are then removed by multiple graphitic walls (26-40) but are not completely
lifting off the e-beam resist. Carbon nanotubes are then hollow and have bamboo-like periodic closures along the
grown by PECVD using a mixture of 8, and NH; (54: stent! and hence are also termed multiwalled carbon
200 sccm, respectively) at 5 mbar, 676, with —600 V nanofibers in the literature. Figures 2b and ¢ show the carbon
sample bias (Figure 1d). This process typically produces nanotubes selectively grown inside the self-aligned gated

1576 Nano Lett., Vol. 4, No. 9, 2004



structure (deposition time 3 min). The deposition time was
chosen to grow carbon nanotubes with their apex ap- (a)
proximately equal in height to the extraction gate (i.g«) ®
as this is the optimal configuration for gated cathoffes.

The number of carbon nanotubes per aperture depends
directly on the Ni catalyst dot size, and previous work has
shown that 7 nm thick Ni dots from 100 to 300 nm have a
single nanotube yield of 1009%88%, respectively! The
single nanotube yield decreases as the Ni dot size increase
because the probability of a Ni cluster splitting to form
multiple nanotubes is higher for larger clusters. Note also in
the self-aligned process, both the TiN diffusion barrier (under
the catalyst) and the Ni catalyst are patterned simultaneously
The nanotube can be formed only on the TiN diffusion barrier
since any Ni outside the TiN area would alloy with Ti/W
electrode, which yields no nanotube growth. This means that
the nanotube will essentially be confined within the patterned Figure 3. (a) Array of silicon nanowires, with 5um pitch,
diffusion barrier. As a 300 nm diameter resist hole is used deposited by CVD of SiliHCI:H, at 800°C. (b) Array of integrated
here, the maximum misalignment within the diffusion barrier gate silicon nanowire cathodes fabricated using the self-aligned
area is thust150 nm. Figure 2c shows the tilted view of a 0cess.
carbon nanotube nanocathode after growth. One can see that )
the individual nanotubes are well centered with respect to observed. As our current nanowire process does not use any

the gate aperture. Statistical study over 100 emitters on thedOpam gases, the silicon NanowIres deposited were '””"?S'C’
L . nonconductive and thus were not suitable for further electrical

sample showed that individual growth occurred in 90% of characterization

the apertures (cf. 88% obtained for individual growth from )

. . Using a scanning anode field emission microscope
@$ 0,
300 nm dots on fIat. gurfac with th? remaining 10% of (SAFEM), field emission measurements were performed on
the apertures containing double/multiple nanotubes. Further-

. 2 .~ an integrated gate carbon nanotube cathode containing 100
more, the maximum misalignment between gate and emitter

X o X x 100 apertures with sm pitch. As shown in Figure 4, the
did not exceed the expected 150 nm for 80% of the emitters y516 glectrode was grounded and, during field emission, the

(Figure 2b). Key advantages of this process are that no post-gpjtter electrode was driven negatively using a dc voltage
processing of the emitters is required and that the carbony) to extract electrons from the carbon nanotube emitters.
nanotubes inside the gated cathode are essentially identicap 250 ,m diameter PtIr scanning probe ball, attached to
to those grown on a flat substrate. a 5-degree of libertyX,Y,Z,0,¢) piezo-driven mechanical
To realize the gated device integrating silicon nanowires, displacement system, was moved 100 directly above the
essentially the same self-aligned procedure is performed,Jated array and biased at a constaft00 V dc to provide
except the emitter electrode is now silic@l10substrate @ small external field (1 Y/m) to collect the emitted
(cf. TiIW/Mo/TiW for nanotube cathode), 50 nm thick gold ~ €lectrons (measured as anode currit,The base pressure
dots are used as the catalyst (cf. TiN/Ni for nanotube ©f the analysis chamber was Qo 10°° Torr. Further details
cathode), and no diffusion barrier layer is needed. After the N Performing emission measurements using this scanning

self-aligned process, the silicon nanowires are grown by the Probe ball systemiis described in ref 23. As shown in Figure
vapor-liquid—solid methoé® using a mixture of Sikiand 5a, the initial turn-on voltage (th¥s required to produce 1
HCI (40:600 sccm, respectively) in 100 L/min, #ow, at nA detectable emission at the anode) was 8 V; however, this

800°C and 1000 mbar. Figure 3a shows an array of silicon characteristic showed current saturatiorl (A) at ~50 V.

whiskers from the growth process (deposition time 4 min). This characteristic is typical for emitters that have surface

Thi d tically alianed £ sili adsorbates present at their tips. Field emission with an
IS process produces vertically aligned arrays ot SHCON sy pate-covered emitter begins at small localized areas that

nanowires that are relatively homogeneous in terms of heighthave the smallest work function or through adsorbates’
and diameter but, as our current growth conditions are not .o g0 tunneling states as discussed by Dean’eaatl

fully optimized yet, some wires exhibit kinks due t0 a pggnard et al2s hence giving rise to the low turn-on voltage.
crystallographic change in direction during growth. As  pyring field emission, these adsorbates constantly rearrange
demonstrated in Figure 3b, this self-aligned process is indeedthemselves due to electric field-driven surface diffusion
capable of producing integrated gate silicon nanowire-basedwhich cause current instability, as is observed in ith®/
cathodes (deposition time 1 min) with also a good uniformity characteristics of Figure 5a. The emission current saturates
in height and diameter. Although a large proportion of these as these adsorbates do not support high current emission.
integrated gate cathodes contain a single nanowire, someBy applying furtherl—V cycles at a maximum of 90 V
kinked nanowires are seen to short circuit the gate andapplied/10u4A drawn, these surface adsorbates are field
instances of multiple nanowires per gate aperture have beerevaporated and the measurements exhibit stable, classical
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Figure 4. Field emission measurement apparatus. (a) Schematic < : ]
of the system showing the electrical connections and the measured/
varied quantities in the experiment. On the cathode, the gate 109% P 0020 0025 4
electrode is grounded and the emitter electrode is varied negatively t L : : L :
(0—90 V dc). A ball shaped anode, positioned directly above the 20 25 30 35 40 45 50
integrated gate carbon nanotube cathode, is biased positively to Gate voltage (Vg)

generate a small, attractive field to collect emitted electrons and

measure them as the anode current. (b) Photograph of the apparatusigure 5. (a) Field emission measurements of the as-deposited
showing the ball shape anode directly above the cathode. (c)integrated gate carbon nanotube cathode. A very low turn-on voltage
Photograph of two integrated gate carbon nanotube cathodesis observed (8 V) but the current exhibits saturation and instabilities
fabricated on 10x 10 mm silicon chips, with the active emitting  at high voltages. Such characteristics are indicative of emitters
area in the center. affected by adsorbates as discussed in the text. The inset shows
thel—=V curve plotted in FowlerNordheim coordinates, but no fit
D L . . can be derived from adsorbate-affected emission characteristics.
Fowler—Nordheim field emission behavior W_'th a t.urn-on (b) After severall-V cycles, the adsorbates on the emitters have
at 25 V and peak current of A at 46 V applied (Figure  been field evaporated and the cathode has a stable characteristic
5b). The measured gate currehy¥)(@t 40-50 V gate voltage  with a turn-on of 25 V and a maximum current ofu®\ at 46 V.

was only 40 nA,; this corresponds to a gate transparency ofAs shown in the inset, the-V characteristic can be well fitted to
~99% a straight line in Fowler Nordheim coordinates, indicating classical

. ) o . Fowler—Nordheim field emission behavior.
To obtain the straight FowlerNordheim fit shown in the

inset of Figure 5b, we used the modified Fowt&tordheim  for the carbon nanotube process, the emitter misalignment
equation developed by Spindt and Brodie to describe gatedto the central axis was below 150 nm for 80% of the emitters.
cathodes? | = aV? exp(-b/V), with a = 6 x 10°° Amps A |ow turn-on voltage of 25 V and a peak current ofiB
V~2andb = 475 V. Using the relatiol = 6.44 x 10’y at 46 VV were measured for a carbon nanotube gated cathode
¢**and assuming a work functiaof 4.9 e\* for multiwall (10 000 apertures). The self-aligned process was also used
nanotubes, the geometrical field forming factor of the to integrate silicon nanowires into a gated structure. Thus,
cathode,y, is determined to be 1.4% 10° cm™ (= 147 the self-aligned process presented here is flexible and indeed
pm~?). This value is comparable to other types of integrated can be generalized and applied to new and emerging whisker-
gate cathodé$ and physically means that for every 1V |ike nanomaterials (e.g., ZnO, InP) to construct low-voltage
applied to the gate, the apex of the emitter experiences agated cathodes. Note that the self-aligned process essentially
local electric field of 147 \iim. It is this large geometrical  yses an array of holes in resist, which can be relatively easily
field forming factor that enables electron emission at low fabricated on a |arge scale today using either nanoirﬁzﬁrint
gate voltages; this allows lower complexity/cost driver or |aser interferometr§? Coupling these lithography tech-
electronics to be used for modulating the electron beam in niques with conventional etching processes for forming the
applications. gate aperture, sputter deposition for catalyst deposition, and
In conclusion, we have fabricated and tested a gated arraychemical vapor deposition processes for nanotube/nanowire
of individual carbon nanotubes. Using 300 nm lithography deposition, this self-aligned process is indeed promising for
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wafer/large-scale manufacturing of low-voltage individual
nanotube/nanowire electron sources.
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