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Tunable nanotube resonator 

Suspended nanotube bridge provides 

0 dependent on 
(Baughman et al., Science 1999) 

bias can be used to control the length 
ress on suspended tube, 

thereby control the resonant 
Suspended NT bridge 
electrodes. The lengt 

serve as a high-Q funable 

will change the length at the RF frequenc 
llate 

ion of the nanotube (NT) will 
al proportional to amplitude 

oduce an 
ing a direct 

Functions primarily as narrow band detector = not for power handling 

Nano fkbe resonafor offers fu.abi/ify wifh simp/e, direcf 
e/ecfromechanica/ con version 

JPL Propriefary Brian Hunt-2/03, bdhuntaphasa gov 



JPL Nanotube array RF filter operation 
Arrav of fubes needed for RF 

0 

0 

0 

0 

Nanotube Array RF Filter 

so tubes vibrate in unison 
s filter, passband set by Q 

gives improvedresistance to NT arrayJ.Xu et al. 
envimnmenta/ elYibcfs and array phase locking may 
enab/e Q enhancement 

' Brian Hunt-2/03. bdhunt@pl.nasa.gov JPL Proprietary 
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'l=rr NT resonator modeling = Highlights 
Modeling is progressing - developing Equations of Motion and 
approximate circuit models for coupling to nanotube resonators: 

Linear spring cantilever: 

Zero non-linear spring P = 0 

To design RF waveguide 
structures for coupling to 
NT devices (see nextpage) 

--\ 
.. -- -_ ---\ 

- Cos (sdj); 
*-.- ... //" 

I \'._ 
mechanical stiffening and sepzrcl, w 

WiWJbl?5 
resonance of , coupling due to P * ~ X x .  

__ single electrostatic, forces -- 
Brran Hunt-2/03, bdhunt@pl nasa.gov 
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Layout for I cm RF chip 
Combination of photomasks and direct-write ebeam patterning 

I GI I I  
a bdhuntapl nasa.gov Bnan Hunt, 12/02 
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JlPL Controlled Carbon Nanotube Growth 

+ 
600 - 9OOC 

Important: size and position of catalytic particles 
determine size and position of resulting CNT 

Brian Hunt-2/03. bdhunt@pl.nasa.gov 
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Catalyst Engineering 
Contro//edproduction and p/acemen f of nanosca/e meta/padic/es 

15 sized 
nm 

2) Electron-beam lithography 
JEOL JBX-9300FS, -15 nm 
resolution 
Need features near e-beam 
resolution limit 
Customized catalyst patterns 
possible ---> novel signal 
processing a 

f 50 nm diameter Fe 
s patterned by ebeam liftoff 

(8nm thick) 

Carbon nanotubes grow 

3) Block copolymers 
PMMA-PS block copolymers 

from these catalysts 
Nanoparticle liftoff by e- 
beam lithography: Fe,O, NP 

but yield is typically low --> acceptable for 
lateral NT devices fnanopore tentpateprocess gives 
high yield for vedical tubes) in 50 nm diameter dots 

Brian Hunt-2/03, bdhunt@ipl.nasa.gov 
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Directed nanotubes - structure aligned growth 

Control of in-plane alignment: 
Microfabricated 

Control of vertical alignment: 
Methane CVD at 9OOC: . Promising initial 

results on sub-nm 
catalysts 
Straight (low defect 
density) free-standing 
isolated nanotubes 

lnvestig 
to force 

‘catalyst recessed 30 nm diam. pores with Fe 
catalyst by e-beam lith. in pore 

Alumina nanopore process ... 
Brian Hunt-2/03. bdhunt@ial . nasa. POV 
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Lateral Nanotube Process - Mo electrodes 
Process for growth of suspended CNT bridges with integrated 
molybdenum electrodes 

e processing after growth 
s provide high quality electrical contacts 

b) 

define elec. & trench 

d) 

Liftoff catalyst Grow nanotube 

Re/afed fo H Daiprocess, 
APL 87, 993(7/29/02) 

Brian Hunt-2/03, bdhunt@pl.nasa.gov 
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Lateral nanotube device processing 
€ssenfia/process/'ng sfeps are under con frok 

Patterned catalyst on 
patterned Mo electrode 

Annealing and growth 
gases affect yield Now producing and testing /atera/ 

nanotubes with integrated e/ectrodes 



Uniform Vertical Nanotube Arrays 
PruL Jimmy Xu, Brown Universitw 

NCA template Cobalt catalvst Carbon miintithen 

ms ordered pores - template for CNT arr 

uniform in diame fer, /engfh, and spacing 

for removing alumina can 

h dispersants 
s sticking 1 

long with 20:l aspect ratios are now 
possible (- 2.7GHz f,,) 

ti C k i n g (c h rom ic+ p h os p h o r i c) 

Free-standing tubes up to 800nm 

(with 25nm Au/Pt coating) 
l4 Brian Huni-2/03. bdhunt@pl.nasa.gov 

mailto:bdhunt@pl.nasa.gov


0
 

0
 

Q
 

L
 

> a, 
w

 )r 
m m a 
Q

 
3
 

0
 

C
 

m S
 

S
 

0
 

Q
 

m 
c
)
 

L
 

L
 

C
I 

L
 

S
 



lJPL Patterning of RF electrodes on NT arrays 
nanotubes Patterned Mo electrodes 

Liftoff processing on 
Brown U. NT arrays 

RF-compatible CPW 
electrodes 

Nanotubes survive 
processing without 
de-adhering or tube- 
to-tube sticking 

Electrical measurements 
show acceptable 
electrode conductivity 
and isolation 

Dan Choi, 1-03 
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aJPL 
Introduction to the research team 

Jet Propulsion Lab: 
) 3 Management, device and p s design 

otube growt /processing 

al nanotube gro 

RF device design, testing, modeling 1 
0 

Nanotube vertical array development and device 
fabrication 

RF system design - MEMS-b 
for radar applications, testin 

rs 

~ Brian Hunt-2/03, bdhunt@ipl.nasa.gov 
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