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How to get at nano scale?

There are two general approaches to the synthesis of
nanomaterials and the fabrication of nanostructures
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- Top-down methods
begin with a pattern generated on a larger
scale, then reduced to nanoscale.
-By nature, aren't cheap and quick to
manufacture
- Slow and not suitable for large scale
production.

- Bottom-up methods
start with atoms or molecules and build up to
nhanostructures
~-Fabrication is much less expensive
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Top-Down: photolithography
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Basic idea behind lithographic
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Coat, protect, expose, etch, repeat.

Result: /////

Multiple patterned layers of different materials. )




Top-Down: lithography

At the moment, the most used top-down approach is photolithography.
It has been used for a while to manufacture computer chips
and produce structures smaller than 100 nm.

Typically, an oxidized
B E P E E B silicon (Si) wafer is

Nitride Poly0 1stOxide Polyl 2nd Oxide Poly2  Metal

coated with a 1um thick
photoresist layer. After
exposure to ultraviolet
(UV) light, the
photoresist undergoes a
photochemical reaction,
which breaks down the
polymer by rupturing the
polymer chains.
Subsequently, when the
wafer is rinsed in a
developing solution, the

exposed areas are /////
removed.

@ -~ e

Strip resist and do process again and again

Eventually, a 3-D structure is built up
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Lithographic processing: Masking and
exposure

Expose resist to UV light through a mask

Mask is aligned to wafer before exposure.

\
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Lithographic processing: Developing
the pattern

Resist is removed from exposed areas
Remaining resist faithfully reproduces mask pattern
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Lithographic processing;:
Etch the material

Resist protects selected regions during etch.

Pattern is transferred to substrate material.
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Problems in lithography

Though the concept of photolithography is simple, the
actual implementation is very complex and expensive.

This is because

(1) nanostructures significantly smaller than 100 nm
are difficult to produce due to diffraction effects,

(2) masks need to be perfectly aligned with the pattern
on the wafer,

(3) the density of defects needs to be carefully
controlled, and

(4) photolithographic tools are very costly, ranging in
price from tens to hundreds of millions of dollars.
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Electron-beam lithography

Electron-beam lithography and X-ray lithography techniques
have been developed as alternatives to photolithography.

In the case of electron beam lithography, the pattern is written
in a polymer film with a beam of electrons.

Since diffraction effects are largely reduced due to the
wavelength of electrons, there is no blurring of features, and thus
the resolution is greatly improved.

However, the electron beam technique is very expensive and very
slow.

In the case of X-ray lithography, diffraction effects are also
minimized due to the short wavelength of X-rays, but
conventional lenses are not capable of focusing X-rays and the
radiation damages most of the materials used for masks and
lenses.
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Soft

PDMS
template
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The most recent lithography methods

Printing, stamping, and molding use mechanical processes
instead of photons or electrons.

These methods are normally called soft lithography
methods because they involve the use of polymers.

microcontact prin ting method

A chemical precursor to polydimethylfiloxane
(PDMS) is poured over and cured into the rubbery
solid PDMS stamp that reproduces the original
pattern.

The stamp can then be used in various inexpensive
ways to make nanostructures.

The stamp is inked with a solution consisting of
organic molecules and then pressed into a thin film
of gold on a silicon plate.

The organic molecules form a self-assembled
monolayer on the solid surface that reproduces the
pattern with a precision of approximately 50 nm.,

/
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* Once the master template has

been made, no special equipment
is required.

» Soft lithographic methods are

capable of producing
nanostructures in a wide range
of materials and can

print or mold on curved as well as
planar surfaces

Photolithography. A beam cy" UV light activates
the photoresist, transferring the pattern from
the mask to the sample.
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Advantages of lithography

Silica, Si02
—Silicon

{1 Dissolve

exposed
resist

Etch
silica
layer

Remove
remaining
resist

Etch
underlying
silicon
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Nanosphere lithography

1. Clean Substrate 2. Drop Coat




Micromachining methods

Micromachining

Micro
electrodischarge
machining (EDM)

Electron beam
machining (EBM)

Femto-second

laser machining
(LBM)

Focused ion-
beam machining
(FIB)

Metals,
polymers

Any
conducting
material

Any
conducting
material

Any material

Any material

10 microns
(2 microns)

10 microns
(3 microns)

5 microns
(submicron)

1 micron
(submicron)

0.2 microns
(0.02
microns)

3 microns

3 microns

1 micron

Submicron

0.1 microns

10,000

2,500,000
100,000
13,000

0.5
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Focused ion-beam (FIB) machining

FIB machining offers the greatest

resolution, with the ability to make features as
small as 20 nm, but it is very slow.

In FIB a beam of gallium ions from a

High-vacuum chamber

liquid metal ion source is accelerated, filtered, ;‘;‘:ma“"gﬁ 7 rLT:gf,;?Ga
and focused with electromagnetic I". il
lenses to give a spot size of 5-8 nm. =

The beam is tracked across the surface, =~ o
contained in a chamber under high vacuum. +.__{5<‘

The high-energy ions blast atoms from the F“‘ =

surface, allowing simple cutting of slots and Focused —_ | |

channels or the creation of more elaborate 3-C = Gaion N\

shapes. Secondary electrons are Heam \ J/

emitted when the gallium ions displace the ||
surface atoms. These can be used to image the
surface, allowing observation and control & %

of the process as it takes place.

Dual-beam FIBs have an additional electron gun
QQT is used as an alternative way of imaging. The
\SPrecision is extraordinary.
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Growth and patterning
(“top down” and “bottom up”)
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Nano-scale structures and micro-scale structures are readily
formed using top
down and bottom up approaches.
Best chance for integration.

New Method : Bottom Up + Top Down
Se{f-assembfed block copolymers + Opticai Jithography

/4



/

Bottom-up methods
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Bottom-Up: Molecular self-assembly

* Nature uses self-assembly in
infinitely subtler ways; indeed,
the whole of the natural world is
self-assembled.

* Spontaneous organization of
molecules into stable, structurally
well-defined aggregates
(nanometer length scale).

* Molecules can be transported to
surfaces through liquids to form
self-assembled monolayers
(SAMs).

P()lythit)phcne wires
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Self-assembly examples

Hydrophobic —,
tails

Hydrophilic —,
heads

Substrate

Monolayer
of fatty acid
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Atomic layer deposition
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Methods for making O-D Nanomaterials

» Nanoclusters are made by either gas-phase or
liquid-phase processes.

» The commonest of which are inert-gas
condensation and inert-gas expansion.

» Liquid phase processes use surface forces to
create nanoscale particles and structures.
There are broad types of these processes:
ultrasonic dispersion, sol-gel methods, and
methods relying on self-assembly.




Nanoparticle condensation in inert gas

Main
chamber

Inert

Particle
collector

The inert gas
condensation (IGC)
process is one of
the most known and
simplest technique
for production of
nanoparticles (in
particular, Me
nanopowders)

Low and
high pressure
compaction units

An inorganic material is
vaporized inside a
vacuum chamber info
which an inert gas
(typically argon or
helium) is periodically
admitted.

Once the atoms boil off,

they quickly lose their
energy by colliding

with the inert gas.

The vapor cools rapidly
and supersaturates to
form nanoparticles with
sizes in the range 2-100
nm that collect

on a finger cooled by
liquid nitrogen.
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Nanoparticle condensation in inert gas

A material, often a metal, is evaporated from a
heated metallic source into a chamber which has
been previously evacuated to about 10-7 torr and
backfilled with inert gas to a low-pressure.

The metal vapor cools througchto sluchilos'?

h collisions with the inert gas atoms, becomes
supersaturated and then nucleates
homogeneously; the particle size is usually in the
range 1-100 nm and can be controlled by varying
the inert gas pressure.

Ultimately, the particles are collected and may be
compacted to produce a dense nanomaterial.

S
-
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Icosahedral gold nanoparticles
generated from an inert gas
aggregation source using helium and
deposited on amorphous carbon film
e(aga, K. Sugawara, Surf. Sci. 529 (2003)

b

Example of nanoparticles obtained by
|GC

Decahedral gold nanoparticle generated

from an inert gas aggregation
source using helium and deposited on

amorphous carbon film
[ K. Koga, K. Sugawara, Surf. Sci. 529 (2003) 23]

\
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Plasma - based synthesis

Anode
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Vacuum arc deposition is well-established process for producing
of thin films and nanoparticles. This technique involves the
initiation of an arc by contacting a cathode made of a target
material. An igniter is attached to an anode in order to generate
a low-voltage, high-current self-sustaining arc.

The arc ejects ions and material droplets from a small area on
the cathode. Further, the ions are accelerated towards a
substrate while any large droplets are filtered out before

deposition .
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Vapor condensation

Cooling
. Plasma
Material Reacnve
precursor ¢ ¢ ¢ * ¢ Nanoparncles
I~ — 0
00 .
0 oo S ) O .$. ® "
Oooo e O ... .‘ :
o %o 0 ...
Melting Evaporation Molecuiar

clusters

One of the outstanding strides in plasma processing for
nanoparticles synthesis is the developed process of the vapor
condensation.

The precursor material is put into the working chamber with a
stable arc.

The chamber is filled by reactive gas that becomes ionized:;
then molecular clusters are formed and cooled to produce
nanoparticles.

/4



Molecular Beam Epitaxy (MBE)

A molecular beam
epitaxy (MBE) machine
is essentially an ultra-
high-precision, ultra
clean evaporator,
combined with a set of
| in-situ tools, such as

| Auger electron

% | spectroscopy (AES)
and/or reflection high-
energy electron
diffraction (RHEED),
for characterization of
the deposited layers
during growth.
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~ Epitaxy is the process of growing a thin crystalline layer on a crystalline
substrate.

~ Epitaxial layer is always thinner than the substrate

Epitaxial grow techniques:

Vapor-Phase Epltaxy Liguid Phase-Epltaky Malecular Beam Epltaxy

VPE is a modification of chemical vapor LPE s a method to grow semiconductor ~ MBE s based on an UHV(Ultra High

deposition crystal layers from the melt on solid Vacuum) technique.
Chemical reactions invalved Chemial reactions Invehled Mo chemical reactions involved.
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*Homoepitaxy

The deposition substrate is the same material as we are depositing from the beam.
(e.g Si on 5i)

“*Heteroepitaxy

Substrate and material are of different composition in order to fabricate integrated
crystalline layers of different materials. (e.g GaAs on 5i)



Molecular Beam Epitaxy
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* Pumping Systems

» Growth Chamber, epitaxial growth
happens.

* Load lock facilitates the
introduction and removal of
samples

* Auxiliary chamber host analytical
and process equipment
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# Gas sources are heated in separate k-cells or
electron beam evaparators to achieve
molecular or atom beams,

# Mo interaction with each other until they
reach the Surface.

» During the deposition, the interactions of the
atoms produce the epitaxial growth.
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#Controlling , via shutters and the
temperature of the source, will

control the rate of impinging
materials.

#The temperature of the substrate will
control the rate of diffusion and
desorption.

FBackground gases help to avoid
monolayr contamination.
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»Deposition rate (um/hr): 1-5 s
»Growth temperature (°C): 550
»Thickness control (A): 5
»Interface width (A): 5

»Shuttering control: 0.1 s

F et of Hase Pressure

Meun Free Path
(m)
Tx 0

Talle

4

m
TN
0 8 I

soarer - substrate distance - 0.3 m
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Reflection High Energy Electron Diffraction (RHEED)
» Observe removal of contaminants from the substrate surface

»Calibrate growth rates la - —— —. ==
S !' Ifl'l'lflﬂ.'l” WA A== W
~Estimate the substrate temperature " U H ! e

i [
»Determine the stoichiometry | - T

« Direct measuse ol growdh mates i MBE sinee oncillsm feguency

»Analyze surface morphology — RHEED pattern

~Study growth kinetics — RHEED intensity oscillations
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Materials
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Different materials are used depending the type of MBE, but we will focus on
Solid Source MBE type.

# Typically, the substrate target is a semiconductor material with useful electronic properties.

# The molecular beam quite often is composed of evaporated elemental substances such as
gallium and arsenic

Mo lecular Beams Substrate target

Group Il - V molecular beams 11V Semicanductors
Group || = V| malecular beams II¥| Semiconductors
55- MBE
Others IV-V| Serniconductors, Heusler alloys,

sllicides, metals ...
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#Il-V semiconductors offer high
electron mobility and a direct high

band gap.

~1I-VI semiconductors exhibit direct
large band gaps , but have some
problems with conductivity.

#IV =V Semiconductors also offer a
narrow band gap.
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Benefits and Problems
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» Clean surfaces. »\ery low deposition rates: lum —
100nm per hour are used.

» Monitoring in situ.
» Independent vaporization of each » High equipment cost and long set

material. up time.

» Multiple sources are used to grow }"EHFEP:'E Flexibility (uncontrolled
alloy films and heterostructures. flexibility = chaos!).

»Deposition is controlled at e
submonolayer level. iy o Briinga!

~Extremely flexible technique since | Mastly Broken Equipment! \
growth parameters are varied | Meg Rkévcportant

independently.
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The driving force today is the fabrication of advanced electronic and
optoelectronic devices.

»Transistors (HEMT,HBT):

»Microwave devices (IMPATT)

»Optoelectronic devices (MQW) laser
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Conclusions
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»Very well controlled and clean result.
~High equipment cost and long setup time
# In situ monitoring

» High Speed electronic and optoelectronic applications

~111-V semiconductors as GaAs are the most common used in Electronic
and OptoElectronics devices.
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