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Outline

Recap
TEM
SOI process – an example (HW#2 problem 

2)
Paper 1_1 last session
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MEMS Fabrication

MEMS collocate sensing, computing and 
actuating to change and control physical world
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Surface Micromachining

Silicon Substrate

Silicon Substrate

Silicon Substrate

Silicon Substrate

Sacrificial layer

Anchor

Structure Layer

Silicon Substrate

etching and releasing
liquid
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How to Make Cantilever?

Top View

SideView

Start

SiO2

Si

Mask#1

Polysilicon

Mask#2

dark

bright



Microsystems Laboratory
UC-Berkeley, ME Dept.

6

Problem #2
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Problem #3
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Problem #3
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More Examples
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Examples
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More Examples
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Nano Motor
http://sciencematters.berkeley.edu/archives/

volume2/issue11/story1.p - (2003)
Micro motor (1988)

100 µm

http://sciencematters.berkeley.edu/archives/volume2/issue11/story1.p
http://sciencematters.berkeley.edu/archives/volume2/issue11/story1.p
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WHAT IS TEM

 Transmission
Electron
Microscopy

A microscopy technique whereby a beam of 
electrons(100 – 400 kV) is transmitted through an 
ultra thin specimen(10 – 500 nm), interacting 
with the specimen as it passes through it.

 Image resolution of 0.2 nm
Electron probe size of about 0.5 nm
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INTERACTION OF ELECTRONS 
WITH SPECIMEN

Incident electron probe
Auger electrons

Absorbed electrons

Diffracted electrons

Visible light

Energy loss  electrons

Backscattered electrons

Secondary electrons

Transmitted electrons

Characteristic X-ray
Specimen

SEM TEM SEM / TEM
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TEM IMAGING & DIFFRACTION

Imaging

- Bright field imaging
- Dark field imaging

Diffraction
Structure analysis

- Diffraction patterns
- Convergent beam 
   electron diffraction
- Kikuchi diffraction

Spectroscopy 
Chemical analysis

- Energy dispersive 
   spectroscopy
- Electron energy loss 
   spectroscopy
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SAMPLE PREPARATION
 Cut/Grinding/Polishing
 Electropolishing
 Ion beam milling
 Jet thinning
 Cleaving / crushing
 Replication
 Floating/Lift-off
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CRYSTAL?
 In chemistry, mineralogy, and materials 

science, a crystal is a solid in which the 
constituent atoms, molecules, or ions are 
packed in a regularly ordered, repeating 
pattern extending in all three spatial 
dimensions.

A single crystal, also called monocrystal, 
is a crystalline solid in which the crystal 
lattice of the entire sample is continuous 
and unbroken to the edges of the sample, 
with no grain boundaries.

Ref : Wikipedia
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DIFFRACTION METHODS 
IN THE TEM
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EXAMPLES
Carbon Nano-Tubes

Ref : Sumio Iijima, Nature 354 56 (1991)
Ref : Wenxiang Wanga et al, 
Carbon 45 1127 (2007)
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EXAMPLES
 Zinc Oxides

Ref : Lei Luo et al, APL 90 093101 
(2007)

Ref : Y.W. Heo et al, 
Materials Science and Engineering 
R 47 1 (2004)
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EXAMPLES
SiC

Ref : B.-C. Kang et al, Thin 
Solid Films 501 181 (2006)

Ref : GaAs nanowires grown 
by molecular-beam epitaxy

GaAs
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TEM, high spatial resolution, 
capability of electron diffraction 
and spectroscopy, is an essential 
tool for the characterization of 
nanostructure materials.

CONCLUSION
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SOI – Vertical Actuator 
Example
Vertical Comb Actuators have the 

following advantages:
 Larger force
 Longer actuating distance
 Linear driving force (No Pull-in)

Conant, et.al. 
Hilton Head 2000

Patterson, et. al., 
MEMS 2002

 Our objectives are:
• Angular Vertical Comb actuator fabricated 

by silicon plastic deformation process
– All the structures are robust and reliable 

single crystal silicon
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Fabrication Process (1)

(a). Pattern thermal oxide on
both sides

substrate

device layer silicon

(b). DRIE both sides of silicon

(c). Oxide etch

(d). Cover lid wafer and heating

(e). Remove lid wafer

Alignment key-slots

Alignment keys Pillar structure

Lid wafer

Annealing at
900 °C
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Fabrication Process (2)

Heavily doped device layer

Key-slots
Mirror plate

Keys

Pillars to give strain on both
mirror and gimbal torsion bars

Trench refilled with oxide and poly

Permanently deformed
gimbal and mirror

(a) Trench etch and
oxidation (for electrical
isolation)

(b) Poly deposition (for
mechanical connection)
etch-back

(c) Pattern and DRIE on
both side followed by
Etch oxide to release
the structure

(d) Place separately
prepared lid wafer on
top of device wafer and
anneal at high
temperature (900 oC)

(e) Separate the device
wafer and the lid wafer
(flexures are deformed
permanently)
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2-D Scanning Mirror



28

Liw
ei Lin, U

niversity of C
alifornia at 

B
erkeley

2D-Scanning Results
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Problem #3
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ME118 Presentation: Paper 1_1 January 31, 2017Eric C. Sweet

http://carbonlab.roma2.infn.it/Tubule Structure

α = 30° α = 0° 0° < α < 30°
Metallic Semi-

conductor
Semi-

conductor

http://carbonlab.roma2.infn.it/


How do we Study the Structure of Carbon nanotubes ?
Electron Micrograph Electron Diffraction

An image obtained by bombarding the specimen with a finely focused
(<10 nm diameter) electron beam with an acceleration voltage under
vacuum, and detecting the transmitted, secondary, backscattered and
diffracted electrons, and characteristic X-rays emitted.

Electron diffraction is a technique that allows determination of the crystal
structure of materials. When the electron beam is projected onto a specimen, its
crystal lattice acts as a diffraction grating, scattering the electrons in a predictable
manner, and resulting in a diffraction pattern.

Source : Royal Society of Chemistry 2024 Source : Science Direct| Electron Diffraction - An Overview

Figure 2 : Electron diffraction patterns from individual 
microtubules of graphitic carbon. 

Figure 1 : Electron micrograph showing bundles of single-
shell carbon nanotubes which are curved and entangled.

30-01-2024 Navin Vijey Raj | Intro. to Nanotech. and Science 45

Source: Iijima, Sumio, and Toshinari Ichihashi. "Single-shell carbon nanotubes of l-nm diameter." Fundamental Research Laboratories, NEC Corporation, 34 Miyukigaoka, Tsukuba, Ibaraki 305, Japan.



Structure of Carbon nanotubes
• Electron Microscopy reveals

• Coaxial tubes of graphitic sheets
• Ranging in number from 2 up to about 50

• Diameter of the Needle Ranges from 4 to 30nm
and up to 1 micrometre in length

• High Resolution Micrographs of typical Needles
Shows that its Seamless and Tubular Structure
(Same number of Lattice Fringes from both the
sides of the needle)

• The tip of the Needles are usually closed by caps
that are curved , polygonal or cone shaped

• The last of these have specific opening angles of
about 19 degrees or 40 Degrees Figure 3 : Electron Micrographs of 

Microtubules of Graphitic Carbon 

30-01-2024 Navin Vijey Raj | Intro. to Nanotech. and Science 46

Source: Iijima, Sumio, and Toshinari Ichihashi. "Single-shell carbon nanotubes of l-nm diameter." Fundamental Research Laboratories, NEC Corporation, 34 Miyukigaoka, Tsukuba, Ibaraki 305, Japan.



Figure 1 : Electron Diffraction Pattern from a 
Single Shell Nano Tubule 

Fraunhofer Diffraction from the two portion of the 
tubules Conveys 
• Each streaked spot has intensity maxima appearing 

with a period of 0.73 nm-1. 
• The value corresponds to the diameter measured 

on the tubule (1.37 nm).
• Alpha Measured = 7 Degrees

Fraunhofer diffraction deals with the limiting
cases where the source of light and the screen
on which the pattern is observed are effectively
at infinite distances from the aperture causing
the diffraction.

Fraunhofer Diffraction 

30-01-2024 Navin Vijey Raj | Intro. to Nanotech. and Science 47

Source: Iijima, Sumio, and Toshinari Ichihashi. "Single-shell carbon nanotubes of l-nm diameter." Fundamental Research Laboratories, NEC Corporation, 34 Miyukigaoka, Tsukuba, Ibaraki 305, Japan.



Structure Of Carbon Nanotubes

Bundle of Tubules 

Electron Beam of 20 nm Diameter was focused on to the Single 
Tubule so that the area comprised about 2000 Carbon Atom Two hexagonal diffraction pattern Confirms Helicity

 There are two hexagonal (hk0) diffraction 
patterns rotated ± a/2 from perfect alignment along 
the tube axis, and these patterns show mirror 
symmetry both along and perpendicular to the tube 
axis. The mirror symmetry confirms helicity in the 
single-shell tubule structure

Figure 4 : Electron Micrograph of Single-Shell nanotubule 

Helical Pitch Varies from Needle to Needle and tube 
to tube Within Single Needle 

30-01-2024 Navin Vijey Raj | Intro. to Nanotech. and Science 48

Carbon Atom Hexagons are 
arranged in Helical Fashion 

Source: Iijima, Sumio, and Toshinari Ichihashi. "Single-shell carbon nanotubes of l-nm diameter." Fundamental Research Laboratories, NEC Corporation, 34 Miyukigaoka, Tsukuba, Ibaraki 305, Japan.
Online Open-Source Images 

Other Arrangements  of Carbon Atom Hexagons



Author’s Speculation
• Single Shell Tubules Might be the Embryo for the Multi Shell Tubules 
• In the Proposed Model 

Tubule Ends are Open  Dangling Bonds Carbon Atoms are Captured
• In Single Shell Tubes , Author assumes that axial growth dominates  over layer 

growth 
• Iron present in the vapour Phase act as a Homogeneous Catalyst 

What Makes Each Carbon Nanotubes Unique ?
• Tubule Diameter (D)
• Pitch Angle (Alpha) With Respect to the Fibre Axis 
• Helicity 

30-01-2024 Navin Vijey Raj | Intro. to Nanotech. and Science 49

Source: Iijima, Sumio, and Toshinari Ichihashi. "Single-shell carbon nanotubes of l-nm diameter." Fundamental Research Laboratories, NEC Corporation, 34 Miyukigaoka, Tsukuba, Ibaraki 305, Japan.
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