Fabrication of multiwalled carbon nanotube bridges
by poly-methylmethacrylate suspended dispersion
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We report on the fabrication of multiwalled carbon nanotudWCNT) bridges using
poly-methylmethacrylatdPMMA) suspended dispersion. This method makes it possible to suspend
nanotubes between metal electrodes, without any chemical etching of the substrate, and to remove
unwanted nanotubes from the substrate. Using a spacer layer of PMMA with a known thickness, it
is also possible to control the suspended height of the MWCNT bridges. The electrical measurement
results on suspended MWCNT bridges reveals that the room temperature resistance ranges from
under a K) to a few M), with the majority around 2—4(R. It was shown that a plasma-enhanced
chemical vapor deposition grown MWCNT with a diamet€s5 nm can sustain current densities of
~10° A/lcm?, which will make them suitable for applications as integrated field emission cathodes.
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[. INTRODUCTION In this article, we report on a method of creating electrical
Gcontacts to individual PECVD grown MWCNTSs that are sus-
pended from the substrate. There have been a few reports of
(Lfgchniques to suspend carbon nanotubes. One uses a sacrifi-
. 1-4 iy . . cial layer etching method which requires the nanotubes to be
por deposition(PECVD). ™ This technique makes it pos- C§xposed to acids that may change the nanotube prop@rties

sible to incorporate a carbon nanotube growth stage int iy .
multilevel processing stages and fabricate devices that rand another uses a PMMA sacrificial layer but failed to make

quire ordered arrays of vertically aligned MWCNTSs on litho- ﬁ:ifﬁg%al t?:aﬁwgmigtzg (tjhse Zﬁgg”.ge: an??nbiofurm i
graphically defined site3® One such device that utilizes : 'SP ! - Poly

PECVD grown MWCNTS is the gated nanotube field-nbfV RERAVINCBIEA) TECSt, TEIS BUSPRIER e Fen,
emission cathodes?® These devices utilize the remarkable poly ’ P

propertes of carbon nanotub(@NTS, such as high aspect (it % TEELREE B8 IR SRREER 8 N, R,
ratio, superior mechanical strength, and high current carryin i

capability!® and the versatility of PECVD to create gated . ith th(_a sub_strate, measurement_s are not affected by any
field emitters using single carbon nanotubes, that are Vertll_nteractmn with the substrate, Wh'Ch CO_Uld lead to undesir-
cally aligned, as cathodes. able curr_ent leakage. Also, by spin coating a spacer Iay_er of
To understand the field-emission characteristics of, " IMA With & known thickness, before nanotube dispersion,
PECVD grown MWCNTSs, it is vital that a detailed study of the” Sgs_?ﬁndeld ??'glht of the nanottube ]E)ndgeds ca?h b? go_n-
their electrical properties be made. This is due to the fact thattro ed. the eleclrical measurements pertormed on the tabri-

the known electrical properties reported for MWCNTSs arecated MWCNT bndg.es reveal that the PECV.D grown
from those grown by different methods from PECVD and MWCNTSs are conductive and are able to carry a high density

have smaller diameters and lower structural defStisi- of current without suffering from damage, which are favor-

though the electrical transport characteristics of arrays o?ble for the application as field emission cathodes.
vertically aligned PECVD grown MWCNTs have been

investigated! there has been no reported work on probing;; GROWTH OF MULTIWALLED CARBON

the electrical properties ofindividual PECVD grown N.ANOTUBES

MWCNTSs.

It has recently become possible to grow vertical aligne
multiwalled carbon nanotubéMWCNTS) directly onto vari-
ous substrates with the aid of plasma-enhanced chemical v

The vertically aligned MWCNTs were grown by

14 N . -
dauthor to whom correspondence should be addressed; electronic maiPECVP- A thin Ni Ca:té}'ySt |a}/er of~3 nm thickness is
sb122@cam.ac.uk deposited onto an oxidized Si substrate. Then the sample
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Fic. 1. Scanning electron microgragBEM) images of vertically aligned
multiwalled carbon nanotubes grown by plasma-enhanced chemical vapor
deposition. The catalyst thickness and the nanotube diameter(@jete?

nm and 20-50 nm(b) 3.4 nm and 60-100 nm, arid) 7 nm and 100-200

nm. The samples were tilted by 40°.

temperature is increased to 700 °C and the Ni thin film formg: 2. Schematic diagram of the PMMA suspended dispersion pro@ss.

. PMMA suspended nanotubes dispersed on top of an oxidized Si substrate
nanoclusters, which seed the grovvth of the nanotubes. T th a PMMA spacer layer of known thicknes&) Ends of nanotubes

nanotube growth is then performed by introducing a mixturésxposed by electron beam lithography and developrientSputtered Nb
of C,H, and NH; into the chamber and initiating a dc glow electrodes encapsulating the ends of the nanotdbe. Free-standing

discharge. The inclusion of NHnto the chamber prevents MWCNT bridge structure after lift-off.
the formation of amorphous carbon on the substrate and on
the surface of the nanotub&$. _

The growth chamber pressure is maintained at 4 Torr. Th@NCe they are dispersed on the substrates, an array of Au
growth of vertically aligned carbon nanotubes is achieved byeference markers were used which were prefabricated on the
biasing the substrate at600 V, giving a current of-0.1 A, 0Xidized Si substrates. _

A scanning electron micrograplSEM) image of vertically Before spm-on_of the nanotube-PMMA §olut|on, a spacer
aligned MWCNTSs grown by this method is shown in Fig. 1. layer of PMMA, without nanotubes, was spin coated onto the
The figure shows that by changing the thickness of the Nf2rget substrate as shown in FigaR This was done to con-
catalyst, the diameter of the MWCNTs may be controlled trol the height between the substrate and the suspended nano-
The thicknesses of the sputtered Ni catalyst used-ater tubes further. To change the thickness of the PMMA spacer
nm for Fig. X&), ~3.4 nm for Fig. 1b), and~7 nm for Fig. layer, the volume fraction of PMMA to the thinner agent is
1(0). It can be seen that the thickness of the vertically alignedn0dified. A 2% PMMA to thinner mixture results in-a50
MWCNTSs are correlated to the catalyst thickness. The diam™ thick PMMA layer when spin coated at 5000 rpm for 30
eters of the MWCNTs are 20-50 nm for Figlal, 60-100 S and an increase in PMMA percentage results in a thicker
nm for Fig. 4b), and 100—200 nm for Fig.(2). The samples SPin-coated PMMA layer. The nanotube-PMMA solution

have been tilted by 40° to show the height of the nanotubedVas then spun-on to the PMMA spacer layer.
which is on the average4 um. The position of the randomly dispersed nanotubes were

mapped in reference to the Au markers and electron beam
lithography was used to define the positions of the electrical
contacts, as shown schematically in Figh)2 Since the
nanotubes were suspended in place by PMMA, unwanted
A schematic diagram of the PMMA suspended dispersiomanotubes were removed from the substrate when the unde-
process is shown in Fig. 2. The PECVD grown vertically veloped PMMA was removed after contact deposition. The
aligned MWCNTs were removed from the substrate and diselectrical contacts to the suspended nanotubes, that also act
persed in a solution of PMMA. The nanotubes were seen tas the support for the nanotube bridge structure, were depos-
remain suspended within the solution for more than severated by sputtering Fig. 2(c)]. By using relatively isotropic
hours after mixing. To map the location of the nanotubessputtering conditiongi.e., high pressure and lower power

[ll. PMMA SUSPENDED DISPERSION
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Fic. 3. SEM image of a MWCNT bridge structure fabricated by the PMMA < i
suspended dispersion technique. The nanotube has a diamet&06fnm. §, ok
The distance between the Nb electrodes-B00 nm. — r ]
L MWCNT diameters: ~100 nm |
0.1 Suspension height: ~30 nm ]
the deposited metal may make contact by encapsulating the i 3"2°}fr;e:i':tfn1?§ g? ';g
nanotube ends. Nb was used as the contact metal since the — , ¢ P

tensile stress in the sputtered Nb thin film contributes favor- -0.4 -0.2 0 0.2 0.4

ably to the lift-off process. After the lift-off process, the un- V(V)

wanted nanotubes were removed from th_e substrate and Onll-'}&. 5. Electrical characteristics of PECVD grown MWCNTa). | -V char-

the nanotubes held by the contacts remained on the substraj@eristics at 300 K for a bridge with 0.63)kresistance. Inset shows a

[Fig. 2(d)]. schematic diagram of the measurement seffo)pl.—V characteristics at 300
A SEM image of a MWCNT suspended by sputtered Nband 4.2 K for a bridge with 2.5 resistance at 300 K.

contact metal is shown in Fig. 3. The nanotube had a diam-

eter of ~100 nm and the gap between the Nb contacts was . o .
~600 nm. It can be seen that the nanotube ends are cofIWCNT bridge shown in Fig. é), a 200 nm thick PMMA

pletely encapsulated by the sputtered Nb contacts and afPacer layer was used and the nanotube was observed to be
held suspended by 30 nm from the substrate. The thickness syspended at this height. The fabrication results shown in
of the sputtered Nb contacts depends on the thickness of tHg9s: 3 and 4 demonstrate the usefulness of the PMMA sus-
spacer PMMA layer. Without the spacer layer, 150 nm thickPended deposition technique and the use of PMMA spacer
Nb was sputtered to encapsulate the 100 nm diameter nankgvers. It may also be possible to use this method of fabrica-
tube. With a spacer layer of 200 nm, more tha850 nm of tion to make suspended free-standing structures from other
Nb was required. The suspension height of the nanotubd¥P€s of nanotubes and nanowires.

depending on the PMMA spacer layer thickness can be seen

in Fig. 4. For the structure shown in Fig(a}, the spacer |v. ELECTRICAL MEASUREMENT RESULTS

layer was not used and the nanotube—PMMA layer has been | howed that th -
spun-on directly to the substrate resulting in the nanotube Initial measurements showed that the MWCNTS' struc-

being suspended about20 nm from the substrate. In the tures were conductive and thie-V characteristics were
ohmic up to a few volts of applied potential and the resis-
tances ranged from lower than 12ko a few MQ, with the
majority at 2—4 K) range at room temperature. The mea-
sured resistance is a sum of the nanotube resistance and the
Nb-MWCNT contact resistances and the distribution in the
measured resistance may be from the structure variation in
the MWCNTs or from differences in contact resistances. It
was observed, through SEM examination, that the structures
with resistances higher than a few hundre@ howed sig-
nificant damage to the nanotube, suggesting that the mea-
sured resistance for these structures may mostly be from the
nanotubes. The damage may have been introduced during the
removal of the nanotubes from the substrate, which requires

Fic. 4. SEM images of MWCNT bridges with differing suspension heights. mec_hamcal handllng of the nanotubes. ..
The gap between the nanotube and the substrate was at#uhm in (a) Figure §a) shows the measurdd-V characteristics of a

and ~200 nm in(b). The samples were tilted by 40° for clarity. MWCNT bridge, which had a room temperature resistance
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of 0.63 K). A schematic diagram of the measurement setuglent fluctuation in resistance by modifying the PECVD
is shown in the inset. The MWCNT had a diameter~85  growth conditions to reduce the defect density in the
nm and the suspended height of the nanotube bridge wadWCNTSs.

~200 nm[Fig. 4(b)]. It can be seen that the-V character-

istics were linear up to 1 V of applied potentdiwith the \, conCLUSION

current density reaching close t010° A/lcm?. This value is
two orders of magnitude higher than the maximum current Ve have been able to perform transport measurements on
density (~10° A/cm?) that a noble metal wire may carry PECVD grown MWCNTSs fabricated using the PMMA sus-

before electromigration induced breakdown occfiBrevi- ~ Pended dispersion method. PMMA suspended dispersion al-
ous reports on the detailed structure of PECVD grown'OWS nanotubes to be suspended in reference to the substrate

MWCNTs have found that they are composed of concentri@nd also enables uannted nanotubes dispersed on the sub-
graphene shells that contain many “bamboo” shaped strucstrate to be removed with ease. The use of the PMMA space

tural defecté. Considering this fact, the measured high cur-l2yer makes it possible to control the suspended height of the

rent density is quite remarkable and will be advantages fopanotube bridges from the substrate. Transport chgracteris-
application as integrated field emitters with high current denfics Show that the contacts to the nanotubes are ohmic at low

sity. applied voltages and have two terminal resistances from less

It should be noted that since the MWCNTSs are broken offthan 1 K) to a few M, with the majority at 2—4 & range.
from the substrate, at least one end of the nanotube should e MWCNT bridge with a 0.63 K rgsgtance was able to
exposed. This indicates that when the Nb contact electrodeCarry current densities of-10° A/lcm? without breakdown,
encapsulates the nanotube ends, it is making contact witf’owing that the PECVD grown MWCNTSs are able to carry
multiple shells of the nanotube layers rather than just thdigh density currents. Increases of 10% in the resistance
outermost shell. When a voltage drop is induced on the nandYere observed as the measurement temperature of the nano-
tube bridge structure, current may flow through multiplet“bes was Iowerepl from 300 to 4.2 K Whlch is attributed to
graphene shells of the nanotube rather than a single shelduced contribution from thermally activated defects. The
When the vertically aligned MWCNTSs act as field-emissionhigh <_:urrent der_15|ty thamed and the reliability in the current
cathodes, the multiple shells of the nanotube will be in con£arrying capacity will make PECVD grown MWCNTs a
tact with the substrate. Therefore the results from the mead©0d candidate for application to gated field-emission cath-

surements made to the MWCNT bridge structures ma des.
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