Fabrication and electrical characteristics of carbon nanotube-based
microcathodes for use in a parallel electron-beam lithography system
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This article presents an overview of thé&anolith’ parallel electron-beanie-beam lithography
approach. The e-beam writing head consists of an array of microguns independently driven by an
active matrix complementary metal—oxide—semiconductor circuit. At the heart of each microgun is
a field-emission microcathode comprised of an extraction gate and vertical carbon nanotube emitter,
whose mutual alignment is critical in order to achieve highly focused electron beams. Thus, in this
work, a single-mask, self-aligned technique is developed to pattern the extraction gate, insulator, and
nanotubes in the microcathode. The microcathode examined heré& (BB0gates, 2um gate
diameter, with multiple nanotubes per gaexhibited a peak current of 10,6A at 48 V when
operated with a duty cycle of 0.5%. The self-aligned process was extended to demonstrate the
fabrication of single nanotube-based microcathodes with submicron gate200® American
Vacuum Society[DOI: 10.1116/1.1545755

[. INTRODUCTION achieve high throughput maskless direct writing capability
with an array of 1 million microguns. Even if the throughput

The 2001 International Technology Roadmap for Semiof EBDW does not reach the levels of DUV/EUV in the near

conductors (2001 ITRS and the European Commission future, parallel e-beam lithography could still find itself suit-

Technology Roadmap for Nanoelectroni2900 TRN favor  ably poised for low cost photomask fabricati¢since low

the deep/extreme UYDUV/EUV) approach for lithography throughput single e-beam systems are currently used for

at 90 nm feature size and below. Nevertheless, electron-beamanufacturing photomasksand economical low volume

(e-beam direct write (EBDW) techniques are still consid- maskless prototype circuit fabricatidms a set of photo-

ered as potential candidates because sub-100 nm beam sizassks for current complementary  metal—oxide—

are “easily” obtained. The drawback associated with EBDWsemiconductofCMOS) circuits costs 2 million Eurds

is the low throughput due to serial writing. To solve this

Fiay of paralel slettron beams. The feacility of ths ap 1, WRITING HEAD DESIGN

proach has been demonstrated by Changl! and Muray

et al? using an array of four miniature (22 cm) e-beam In the Nanolithapproach, the microgun integrates the car-

columns. To further reduce the size of each column to subbon nanotubéCNT)-based electron source with the extrac-

millimeter range, Bintet al2 studied the concept of the mi- tion and focusing optics, but does not include deflection ca-

crogun which used a nanotip in tandem with micron-sizedpabilities[Fig. 1(a)]. Consequently, in order to address all the

electrostatic extraction, focus, and deflection optics fabri-'Pixels” in a writing field, the e-beam writing heacbr the

cated on a single silicon substrate to obtain nanometric spoamplé needs to be scanned using a piezodriven stage with a

sized electron beamsNanolith’ is an European IST project control system determining the required pixels to be exposed

which investigates the feasibility of parallel e-beam lithogra-[Fig. 1(b)]. This fixed-focus/fixed-position e-beam approach

phy, with the initial aim of demonstrating the concept with has the advantage that the lenses are simpler to design be-
32 microguns. The long-term ambitious objective is tocause it eliminates the aberrations associated with beam de-

flection (e.g., pincushion distortionThus, if the microguns

aAuthor to whom correspondence should be addressed: electronic maif@ve & pitch OT 10Qum, the writing time for an entire_ mask
kbkt2@eng.cam.ac.uk would be the time to scan only the 1@0mx100 um field.
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(a) Sub 100nm beam size  resin microguns would cover each 100mx100 um field. This
( / l_mgs:iv provides redundancy in case of gun failure or insufficient
B ) dose delivered by a gun.
500um Figure 1a) schematically shows a single element of the
fes oo v writing head, which includes the microgun, the independent
500pm csleraton) 60-70 V CMOS drive circuits and a postacceleration systéAS).
p—— YSO\Clusi"g The PAS electrically screens the low-voltage microgun from
0.20m thick dia=5ym / the high acceleration voltage and also physically shields the
[T mdoped poly-Si dia=0.5um e, microgun from back ion bombardment due to the outgassing
| sio, tuml |l ONT / of the resist during exposure. As variations in microgun cur-
] sisubstrate wire-bonding [ rent are expected due to fabrication irregularities, the use of
active matrix CMOS circuits to control the delivered electron
VenT |l =cro T comparator 1z ; dose to expose the resist is vital in our approach. If each
Svoor : e | A microgun has current which is sufficiently large to expose
_@_L I | : i the resist, the on-time of the emitter could be modulated to
HV transistor &= | | deliver the intended dose. We have fabricated and tested cir-

cuits which can control the dose for emission currents of
<10 nA(this upper current limit is due to very short on-time/
switching speed limis The circuits operate by integrating
the emission current with time, and hence a specific dose
could also be used as an input into the system. The switching

wave forms of an active matrix circuit are shown in Fi¢c)1
(b) — :
[ o — — Here, a constant current of 10 n&ia a dummy loagl was
§_ used to test the circuit, and two different dose values were
o . - - . . .
S|  Each gun exposes the desired pixels as the input. The circuit quulated the on-timeignified by the
100x100um area is scanned by piezo movement. “start” and “stop” digital wave forms of the current to de-
| | liver the chosen dose. Similarly, if two different currents
100pm 100pm 100um were used for a fixed dose, the circuit would respond in the
(c) _ same way by initiating the stop pulse at the correct time.
ipenfsdonfoutbeeinr. R e . Our preliminary simulations of electron trajectories show
= Stop signal that the microgun structurgor the dimensions given in Fig.
g } for nanotube . .
20 emission 1) leads to a spot size of about 30 nm for a 30 nm diameter
B | statroniasion CNT. However, the most critical parameter for obtaining this
g 1 i | } ?J?L‘;i?,?fée resolution is the alignment between the CNT and the extrac-
il 1 1 . . . .
= sl sl : smisslon tion gate hole. The misalignment from the central axis must
« : ‘on-time for dose x be below 50 nm to obtain sub-100 nm resolution if we as-
00 10 20 30 40 50 60 70 80 90 sume that the semiangle of the beam at the CNT apex is 10°.
Time (us) This assumption comes from other experiments where we

Fic. 1. (a) Design of one element of thidanolith writing head. The fixed- have Obsewfd e_zm|35|on Spots with a beam opening of typi
focus/fixed-position microgun contains a CNT emitter, extraction grid/gate,ca"y +/-10 using a phosphor screen. This led to the de-
focus electrode, and PAS lens. The CNT is electrically connected to avelopment of a self-aligned fabrication process between the
active matrix circuit(fabricated from 0.8«m 80 V CMOS which monitors CNT emitter and extraction ga(ée_' the “microcathode},

the emission current and controls the dose delivered to expose each pix%hich will be discussed in this article.

(b) The resist exposure strategy for an array of electron beams spaced 1

wm apart.(c) The dose control circuits have been verified using a dummy

emission load of 10 nA. Two arbitrary dos@se 60% of the othémere set
and the circuit modulated the on time of the emission current to deliver the”l' CARBON NANOTUBE /NANOFIBER
correct charge/dose. ELECTRON SOURCE

It has recently been demonstrated that CNT’s/nanofibers/
nanocones can be deposited with a high degree of control
over their alignment, height, and diameter using catalytic

The goal is to achieve a writing time in the order of 1-5 min.plasma enhanced chemical vapor depositiBECVD).*®

For nonchemically amplified polgnethylmethacrylate  The deposition process employed Heégseshown in Fig. 2a).
(PMMA)-based e-beam resig&t.g., Merck PMMA, Selecti- A thin film of Ni catalyst was prepared by sputtering and
lux EB 250 A) which has a sensitivity of 2—4Q.C/cn? for ~ patterned on a substrate surface with a thin diffusion barrier
1-3 keV electrongsince the resin potential is at 1-2 kV layer, typically insulating Si@Q or conductive TiN. In step 1,

this corresponds to a current of 3.3—67 pA per microgun athe substrate was heated to 700 °C and the Ni film formed
the minimum exposure window of 1 min. Note that if the nanoclusters, followed by step 2 which is CNT growth by
writing head was used to scan over 20hx200 um, four ~ PECVD in the presence of acetylene and ammonia gases at
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(a) CNTs
700°C PECVD
Ni catalyst E>
substrate [ S substrate

Fic. 2. (@) CNT growth process(b) Nanotubes were
suspended between Nb contacts for electrical conduc-
tivity measurement$SEM tilt 40°). (c) The initials of

the conference title, EIPBN, were written in nanotubes
by prepatterning the Ni cataly68EM tilt 45°). (d) Uni-
form arrays of single CNT’s fabricated using 100 nm
patterned catalyst dotSEM tilt 55°).

700 °C. In direct contact measurements of PECVD nanotubbigh degree of alignment required between the extraction
bridges[e.g., Fig. 2b)], we found that the nanotubes are gate and CNT from our simulations, we developed a self-
highly conductive in nature. In a typical measurement, a 5%ligned fabrication process instead. Compared to manual
nm diameter nanotube could carry 2 mA~10® Alcm?) alignment, a self-aligned process is potentially advantageous
with a resistance of 1@® per um length. By prepatterning when applied to a large area/number of microguns simulta-
the Ni catalyst prior to growth, patterned arrays of nanotubegieously. Furthermore, the alignment becomes increasingly
[Fig. 2(c)] or even individual vertically oriented CNT[ig.  difficult for manual techniques when submicron gate holes
2(d)] could be deposited with great uniformity. For instance,are used, whereas self-alignment overcomes this issue.

the standard deviation in the tip diameter and height were Qur proces¥ starts with the deposition of a sandwich
found to be 4.1% and 6.3%, respectively, for the growth ofstrycture comprising of: 150 nmdoped polysilicor(extrac-
individual CNT's” Recently, Bayloretal® reported the tjon gate electrode’500 nm silicon dioxiddinsulatop; Tiw/
emission from individual PECVD carbon nanocones andyio/Tiw (emitter electrode and oxidized silicon substrate.
found favorable emission properties as expected from tha array of holes was then patterned over a G08x600

high aspect ratio of the structures. In our recent work, we, 1, grea (15& 150 holes of 1um diameter with a pitch of
have additionally found that the emission characteristics bey xm), see Fig. 8. A reactive ion etching step using SF

tween various CNT's in an array, after conditioning, are quitey,q \vas then used to isotropically etch the polysilicon gate.
uniform (A1/1=30%

10 ) and they could carry high emission Wet chemical etching in buffered hydrofluoric acid was used
currents of 2GuA. to isotropically etch the silicon dioxide insulator. Both the
gate and insulator were deliberately overetched to produce an
IV. FABRICATION AND ELECTRICAL undercut profile, shown schematically in Figtb8and in
CHARACTERISTICS OF A CARBON NANOTUBE scanning electron microscop6EM) cross section in Fig.
MICROCATHODE 4(a). A 20 nm thick TiN layer was then deposited by sput-

Recently, Guillorret al!* demonstrated the operation of a tering. This was followed by evaporation of 3 nm of Ni,
gated microcathode using a single conical carbon nanofibewhich is the catalyst for CNT growtfFig. 3(c)]. The role of
emitter. In their fabrication process, manual alignment waghe TiN layer is to prevent Ni diffusion into the TiWw/Mo/
used between the extraction gate and the emitter. Due to thEW electrode during the CNT growth at 700 °C. The un-

JVST B - Microelectronics and  Nanometer Structures
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Fic. 3. Self-aligned process for fabricating nanotube-based microcathode]s_.IG 5. Peak emission current
(a) Definition of holes in resist(b) etching of the poly-Si gate and SjO U
insulator,(c) deposition of the TiN diffusion barrier and Ni catalyst, &l
lift off of resist and nanotube growth by PECVD.

A as a function of the applied gate voltage
(Vg) at 0.5% duty cycle. Emission characteristics from the as-prepared mi-
crocathode(initial emission and after conditioning are shown. The inset
shows the measurement setup for this experiment.

wanted TiN and Ni over the gate were then removed by lift

off. The vertically aligned CNT’s were deposited using ter resist hole, whereas the polysilicgroly-Si) gate aper-
PECVD with acetylene and ammonia gases at 70QRig.  ture was much largef2 um diametey due to the isotropic
3(d)]. The average height of the nanotubes was controlled b@veretching of the gate under the resist hole. The larger gate
the deposition timé2 min) to be 0.5um, which was equal to diameter ensured that short circuits between the gate and the
the insulator height. For a zm diameter catalyst area, mul- nhanotubes were eliminated.

tiple nanotubes were obtained at each gate, as shown in the There was also a height and diameter distribution in the
SEM pictures of Figs. @)—4(d). It is clearly evident from nanotubes as seen in the cross section SEM of Fifj. #his

the top view image of the microcathoflgig. 4(c)] that the =~ Was due to the random formation of catalyst nanoclusters
nanotubes were centrally located with respect to the gatBom the “large” (1 um) catalyst, and better uniformity is
aperture. Note that the nanotubes were grown in an possible when high-resolution lithography is used to define

diameter circle, which was defined by the initian diam-  the catalyst such that a single catalyst nanocluster is formed
as shown in Fig. @).8

After CNT growth, this microcathode was tested using the
measurement configuration shown in the inset of Fig. 5. Ei-
ther dc or a square wave voltag€y) was applied between
the gate and the emitter of the microcathode. Pulse mode
operation allows high peak emission currents to be extracted
while limiting the overall power, which prevents the degra-
dation of the device. The field-emitted electrons were then
filtered to remove low-energy secondary electr@ng., gen-
erated by bombardment of the gabg biasing the filter grid,
V., at a small negative voltag@bout—10 V). The anode
was biased at-80 V (V,) to collect and measure the emitted
electron currentl(y). The measurement results shown in Fig.
5 were performed with a duty cycle of 0.5% and a frequency
of 100 Hz. The initial turn-on voltagévoltage required to
produce detectable emissjonas 9 V. After conditioning by
cycling the gate voltage, a peak emission current of L0A5
was obtained at 48 V gate voltage. It is necessary to initially

v condition these nanotube emitters as this process drives off
i the adsorbate&lue to air exposure of the microcathpaem
the nanotube tips to yield stable emission characteristics with
higher current, as discussed in Ref. 10. Assuming that every

FiG. 4. (a) Cross section SEM showing the undercut of the poly-Si ang SiO gated aperture is emitting, the average current per aperture
beneath the resistb) Tilted 45° view of the microcathode after nanotube
; X was 0.5 nA at 48 V.
growth. (c) Top view clearly shows the centrally located nanotui@sght R | . h If-ali d hni ith a 200
dots with respect to the gate holéd) Cross section SEM of the microcath- ecently, using the self-aligned technique with a nm

ode. resist hole, we have produced single CNT microcathodes

J. Vac. Sci. Technol. B, Vol. 21, No. 2, Mar /Apr 2003
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Gaie.

Fic. 6. Tilted (a) and top view(b) of a single nanotube
Insulator based microcathode, showing the validity of the self-
aligned process for smaller gate holes and single emit-
ters.

Emitter electrode
(TiW/Mo/TiW)

(see Fig. 6 with the desirable grid and emitter dimensions ous parts of the writing head, namely the dose control circuit,
corresponding to the schematic of Figa)l Note that in the the microcathode and lensémicrogun, and piezodriven
self-aligned process, both the TiN diffusion barrignder  stage and control system, for a 32 microgun demonstrator of
the catalystand the Ni catalyst are patterned simultaneouslythe Nanolith concept.

Thus, as the nanotube can only be formed on the diffusion
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