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Presenter
Presentation Notes
Looking for places to deposit other things, esp. metals (W, Ti ,etc) by LPCVD.


'-) VACNT growth detalls

attern Fe by lift-off
eatto 750 °C in H,: Ar
r: H,: C,H,at 70 : 500 : 700

Si



SEM - VACNT forest

Can top surface and edge
roughness be improved?

b

SE e B R B Gk

ERRRRI

3 }
3 £
1 i

ERERRI

EERERI
ERERERERI
ERERRER]
ERRERRRI
ERREERR]
ERERERREE]

AccV  Spot Magn  Det WD
5.00kvV 3.0 109x SE 6.2

DAVIS

100X — 50 pum holes

| "500kv3D 4458« SE 64 17

4500X — 3 um holes AR

AccV  Spot Magn Det WD Exp
5.00kvV 3.0 11236x TLD 44 17 DAVIS
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VACNT growth process

o Photolithography & lift-off

Light

H i

Photoresist

1-15 nm Fe

Si



Dependence on Fe Thickness
a2 e T T EDS BB

Good repeatability Rate strongly dependant on thickness
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e’ 2 nm Fe on Al203

Small voids (< 200 nm across)

Sharp features (few stray tubes);
Sidewall roughness < 200 nm

High growth rate ~50 pum/min
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Put pic(s) of forest here.


Acc V. Spot Magn  Det WD Exp
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Nanotube “forest” growth

- Height: up to Imm-+
. Feature size: a few microns
- Speed: 10-100pm/min

- Density:
Material Density (kg/m3)
Air 1.2
Silica aerogel: lowest density 1.9
Measured density 9.0
Silica aerogel: usual density range 5-200
Expanded polystyrene 25 -200
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Presentation Notes
[Feature size:…] Depends a bit on the shape of the feature. More in later slides.
Check those numbers for aerogel!


Vertically Aligned Carbon
Nanotube (VACNT)Growth

i

Individual
nanotubes
wander
but...

...forest grows
perpendicular to
growth substrate
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High Aspect Ratio Micromachining

Deep Reactive lon Etching (Si)

“Vertical Mirrors Fabricated by DRIE for Fiber-Optic Switching “High-aspect-ratio bulk micromachining of titanium,”
Applications,” C. Marx et al., J. MEMS 6, 277, (1997) Aimi et al., Nature Mat. 3, 103-5 (2004)

LIGA process (photoresist)

300um

WAs 1,06V 3.2mm x150 9724/03 16:51

£.9e2a% 3.8KY HE2 1S5@um

“C-MEMS for the Manufacture of - . P
3D Microbatteries,” Wang et al., Electrochem. . “Micromechanisms,” H. Guckel,
Solid-State Lett. 7 (11) A435-8 (2004) Phil. Trans. R. Soc. Lond. 353, 355-66 (1995)


Presenter
Presentation Notes
NOTE WELL HERE: emphasize that you can potentially fill with a variety of materials, and contrast that (plus cost etc) with DRIE.
MARIO: 0.5 µm/min, mask selectivity 40:1, min feature size 1 µm, Gases: (Cl+Ar) / (O)


svo'] VACNT:
% Extreme Aspect-
Fga’u |9rostr| l(‘TI Ires

moot side
<1 micron roughness
e Tall... up to several
miIIimeters

Det WD Exp | {200 um

SE_67 17 DAVIS .
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Patterned forest structure

Height: up to several milimeters

Lateral feature size: down to 1 micron

Speed: 10-100 pm/min

Density:
Material Density
(kg/m?)
Air 1.2
Silica aerogel: lowest density 1.9
Measured density 9.0
Silica aerogel: usual density 5-200
range 25 — 200

Expanded polystyrene
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Presentation Notes
[Feature size:…] Depends a bit on the shape of the feature. More in later slides.
Check those numbers for aerogel!


v Low density, weakly bound
- material

AccV  Spot Magn Det WD Exp |
500kv 3.0 1190x TLD 65 17 DAVIS
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Dense Nanotube
Structures



A

Dried structure

—




Vapor Condensation Induced
Densification -- Lines

LTI

Longer exposure to vapor Shorter exposure to vapor




) Surface forces dominates

AccV SpotMagn Det WD Exp |
5.00kv 3.0 1443x TLD 55 17

Unequal angles become equal angles.
Final structure depends on initial structure surface forces
Difficult to control what results!



Horizontal Aligned CNT films




svu' | AIST Japan group working on in-plane
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Yuhei Hayamizu, Takeo Yamada, Kohei Mizuno, Robert C. Davis, Don N. Futaba, Moto
Yumura, & Kenji Hata Nature Nanotechnology 3, 241 (2008).
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Microstructured VACNT
Composites



Bvuyl)

W |_eave the nanotubes vertical?

AccY Spot Magn Det WD Exp |
5.00 kv 3.0 300x SE b7 17 DAVIS
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VACNT Composites



Filling in with Si by LPCVD
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Presentation Notes
Can fill with hot pink a-C
There’s your old friend, the periodic table


D
v’} Nearly complete Sl mﬁltratlon
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Top view
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…and when it’s completely filled, let’s look at the crystals.
Put a closer image or two of the crystals on the right.
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…and when it’s completely filled, let’s look at the crystals.
Put a closer image or two of the crystals on the right.




Presenter
Presentation Notes
…and when it’s completely filled, let’s look at the crystals.
Put a closer image or two of the crystals on the right.


- Nanocomposite

((HH Carbon nanotubes




Y VACNT Composite MEMS Process
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Thermomechanical In-Plane
Microactuator (TIM)

| |

Bistable Mechanisms
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Solid High Aspect Ratio
Structures
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Compare with DRIE: feature size, side-wall roughness, height, speed, scalability,…
[Add today’s filled-filter image]


Filled with
amorphous Si:

AccY Spot Magn Det WD Exp
500kv 3.0 8000x TLD 61 17 DAVIS

Filled with
amorphous C:

Det WD Exp 1 20pum AccY SpotMagn Det WD Exp
500 kv 3.0 2477 TLD 63 17 DAVIS 500kv 3.0 141925x TLD 65 17 DAVIS
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Presentation Notes
Can fill with hot pink a-C
There’s your old friend, the periodic table


High aspect ratio structures in a

variety of materials?
SI, SINX, C and SI02

FROM: Chemical Vapor Deposition, ed. Jong-Hee Park, ASM International (2001)


Presenter
Presentation Notes
LPCVD SiN does not work, because T too high, reactant gases eat NTs at that temperature (825C). Si at 5-600C is fine.
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s’ Properties: Resistivity

. |solated nanotubes: Can exhibit ballistic
conduction over distances of several microns

. Undoped poly-Si: p ~ 102 Q cm
. Si-coated nanotubes: p ~ ?

. Coat tubes with insulator > Conductive
MEMS made from insulating materials?


Presenter
Presentation Notes
Why interesting? Because usu make elec connections to MEMS, and have s.t. REALLY conductive embedded in s.t. else… maybe it could make insulators conduct…?
Nanotubes (MWNTs)
Check these numbers!!
When explaining the graph, say “the line in the middle is just a mixed state of those two phases.”… “So I’ve been saying iron, because that’s what we deposit, but iron has resistivity 10,000 times greater than this (point at 10^-5 ohm.m on the graph), so it’s really some kind of iron oxide.”
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Thickness of nanocomposite ( pm )

Sheet resistance versus
thickness for silicon-filled
forests (red circles), silicon
nitride-filled forests (green
squares), and 20 nm of
silicon followed by filling with
silicon nitride (blue
diamonds) reveals the
expected inverse
proportionality relationship.
The solid line is calculated
for an infinitely thin sample
with resistivity of 3.6 Q cm.
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Properties: Resistivity

Sheet conductivity versus thickness

10 15

Thickness t (um)

Ki=426 Qm
K,=0.04 um
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Properties: Resistivity

Resistivity of Si-coated forests

Thickness (um)

Psorest ~ 4 Q cm

Ppoly-si alone ~ 10000 Q m


Presenter
Presentation Notes
~the resistivity of quite heavily doped Si (10^-18 doping conc)
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s Properties: Resistivity

Resistivity of Si-coated (blue)
and SiN-coated (red) forests

Thickness (um)

Psorest ~ 4 Q-cm

Approximately the same resistivity as previously reported for other CNT-composites
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AccV Spot Magn Det WD Exp | | 200pm
500kV 3.0 268k SE 94 17  DAVIS

Filled forests are solid and well adhered (can withstand the scotch tape test)



Beam Bending Measurement of
Elastic Modulus

1000um

38um

Young's Modulus of organ pipe vs deflection of end of singly clamped
beam
250E+9

200E+9

150E+9

# Organ Pipe #1
Qo

® Organ Pipe #2
| \ n [} | | .
100E+9 Organ Pipe #2

<
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e
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50E+9

000E+0
000E+0 20E-6 40E-6 60E-6 80E-6 100E-6

u'_op (m)

Reported bulk polySi modulus ~
dependent on deposition conditions



Actuated device:
thermomechanical in-plane
microactuator (TIM)

AccY  Spot Magn  Det WD Exp |
5.00kV 3.0 297x SE 68 17 DAVIS




v') Developing Engineering
- Design Rules

o Height to width ratio for
dimensional stability

o Maximum feature width NV b g T
for filling of forest interior

o Role of geometry
LPCVD fill-factor
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- Nanocomposite

((HH Carbon nanotubes




Y VACNT Composite MEMS Process
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Thermomechanical In-Plane
Microactuator (TIM)

| |

Bistable Mechanisms

|



Filled with
amorphous C:

Filled with
Silicon nitride:

Other infiltration materials

Fills most completely

AccV Spot Magn Det WD Exp
6.00kv 3.0 2477x TLD 63 17 DAVIS

Forms stable high aspect walls
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Presentation Notes
Can fill with hot pink a-C
There’s your old friend, the periodic table


o Height to width ratio for
dimensional stability

o Maximum feature width
for filling of forest interior

o Role of geometry
LPCVD fill-factor

S 5
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Developing Design Rules

AccV  Spot Magn  Det WD Exp |
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(ev')  Nanostructured Materials as
 templates for fabrication
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Dense Nanotube Structures



A

Dried structure

—




Vapor Condensation Induced
Densification -- Lines

Longer exposure to vapor Shorter exposure to vapor
mﬂ

Difficult to control the structure!




, Surface forces dominates

AccV SpotMagn Det WD Exp |
5.00kv 3.0 1443x TLD 55 17

Unequal angles become equal angles.
Final structure depends on initial structure and surface forces



Horizontal Aligned CNT films




svu' | AIST Japan group working on in-plane
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Yuhei Hayamizu, Takeo Yamada, Kohei Mizuno, Robert C. Davis, Don N. Futaba, Moto
Yumura, & Kenji Hata Nature Nanotechnology 3, 241 (2008).
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