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VWhy Nanoepartieie

Some 75% of chemical manufacturing processes involve fine
particles at some point.
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® tires & toners e pharmaceuticals

® personal care & cosmetics ® waste

Proper manufacturing processes:
* Improve cost * improve quality

* minimize waste ¢ provide safety

Design & handling of these fine particles makes the

difference between success & failure



EanliclefSyntnesis

e Liquid Phase e Easier to control size

e Production rate is low

* Vapor Phase e High production rate

/. ® ‘
= o Inexpensive!

e Difficult to control size

Challenge: Control size in vapor phase!



VAP phasesyntiesis ofiianepanticlies

chemical
precursor
vapor +
carrier gas

Nucleation Rapid
of monomer particle Early stage
via chemical growth via of very-
or physical coagulation fine
gas to Particle aggregate
particle number formation

conversion decreases
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Zachariah et al (1996)

Iron Oxide
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VAP PhEseSyNMESIS ofiiianepaniicies

sintering faster than collisions

chemical
precursor
vapor +
carrier gas

OQO QQ

collisions faster than sintering

Nucleation Rapid Large
of monomer particle Early stage S]:‘heres
via chemical growth via of very- orm

or physical coagulation fine
gas to Particle aggregate
particle number formation ‘
conversion decreases

‘ Particle growth and morphology are determined

by the competition of collisions and sintering



HVAEEeEMPassivationsSuiace
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* Reactivity?
* Property?
* Sintering?

|

H @ {collision & tsintering




® Size of nanoparticles

® Shape of nanoparticles

® Assembly of nanoparticles.
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EontaciSurfaceArearAnalysis

Droplet interaction is proportional
to the contact surface area.

KEqzpy Johnson etal. (1971)
' suggested

4/9

atoms

2
A ma, ~ N

ékT=lmv2
2 2

1 my?
app=3 k

KE

Phys. Rev. B 69, 35417 (2004)



REZCGLVIVAeT NE Ghalel PartiGIES

3 | B
y - — kT =—my
Critical approach energy for reaction H N
60 2
1 mv
KE, 6 =
50 3 k
40 * size A, harder to react
o 5 —’
<+ S reaction :
" 30 T 2, easier to react
20 © Tp= 600K * No thermal reaction
10 & = leol 77 R
0 . . . .
0 50 100 150 200 250

KE, IT,

Phys. Rev. B 69, 35417 (2004)



VigthematicalilViede!

1) Viscous fluid
2) Maintain a spherical shape

(made by Frenkel (1945))

Continuity
AS = 47’ AB(-sin6) + O(AB*)|  s: surface area

Energy balance

16 O = surface tension
e 3 2 4 2 . .
3 Ta 1y = 47 Oy 1 = viscosity
Energy dissipation Work done by 7 = velocity gradient
due to viscosity, N surface tension, O

Phys. Rev. B 71, 165434 (2005)



Elfeclive passivation surace, area

Passivated surface

{; Effective contact area — n(

4

Potential Energy (eV)
P o n
/
o
o |

1
E =Y

o &=1 (initially)

Most of the energy is consumed
by relocation of the surface atoms

e =0 towards the end

Phys. Rev. B 71, 165434 (2005)



VigthematicalilViede!

Solving the energy equation gives

/2 .
2 sino —
= nd 40 B=0 (bare)
3 L ‘{ O — /3&(9) B>0 (coated)
) d d = diameter = 2a
tFrenkel = 317 by Frenkel (1945)

Phys. Rev. B 71, 165434 (2005)



Sintefing (Bareivs. Coated)

(cross-section view)

6 nm droplets at 1500 K
KEapp = 110,000 K ’







Reduced Moment of Inertia

DYRNamICS GIRSINENNG

/2

2
t==nd
3N

f sinf ” n =3.9 centipose
» 0 - BE(6) 0 =0.83J/m’

e (0-B)/0=3.25*10A(-6)

6 nm particles at 1500K

—— Theory Work done by relocation of
O Simulation | | surface atoms dominates the
e 273 initial process
\ coated o) (coated) / O (bare) =0.54
Npare ngp Mb/Mc =0.48
\\\ ~
~ls e After the initial process, the
| surface tension dominates the
0 a0 80 120 160 Sintering process
Time (ps)

Phys. Rev. B 71, 165434 (2005)









Sintenngriime e aienain Aggregale
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Number of Particles in a Chain

1/ = g(%)%(/n B+C)

1-2(2mv) "L,

A=-2/314 1-2% A
=— tan|———|— Atan
\3 3

B= -2{111[1 +27°]- ln[l + (2\/5)1/3\/30 } and

13
C =In[1-27 +2'"] —ln[l—(2\/§) VL +

2/3

L,

2.|%
Vv

® Independent of primary
particle diameter.

Universal relationship that only depends on chain length.

Phys. Rev. B 76, 054109 (2007)



Sintenngriime e aienain Aggregale

[s/m]

Sintering Time

Primary Particle Diameter
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A 1000 atoms/particle (MD)
{ 2000 atoms/particle (MD)

O 4000 atoms/particle (MD) |

X 500 atoms/particle (MD) -
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Number of Particles in a Chain

1/ = g(%)%(/n B+C)

1-2(2mv) "L,

V3 V3

B= -2{111[1 +27°]- ln[l + (2\/5)1/3\/30 } and

C =In[1-27 +2'"] -1n[1-(2\/§)1/3\/170 +
n =35.9 centipose

o =0.83 J/m*

_ 53
A= —ZW/E{Atan i] — Atan

2/3

2.2 L,

Vv

Excellent agreement with MD.

Phys. Rev. B 76, 054109 (2007)



Sintenngriime e aienain Aggregale

. 0.08
£ m— Model
E - == == power law fit
P =
£ 0.06 .*
o|§
Ela
Flo
| 0.041
2lL
S | A=
88
=
ol
© 0.02+ X 500 atoms/particle (MD) -
§ A 1000 atoms/particle (MD)
a ¢ 2000 atoms/particle (MD)
O 4000 atoms/particle (MD)
0 1 1 1 | 1 1 1 1
0 10 20 30 40

Number of Particles in a Chain

tFrenkel =

by Frenkel (1945)

n =3.9 centipose
0=0.83J/m’

Depends on the number of particle connections in a chain.

J. Aerosol. Sci. 38, 793 (2007)



EractalVAggregate Sintening

ractal Dimension, Ds D

m o< R/
f— ARSI R f ok GO B e S R s Bl e e
f=1. f=

J. Aerosol. Sci. 38, 793 (2007)
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Sintenngilime fer fractallaggregate

Fractal Dimension, Df
Df=1: wire

D —_ 10
7 Df=1.9: aerosol aggregates
nt < R Df= 3. compact

0.08 . .
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T ® MD (Df=3)
5 0.06)
£ Y ©
Ol i
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J. Aerosol. Sci. 38, 793 (2007)



Sintenngilime fer fractallaggregate

Fractal Dimension, Df
Df=1: wire

D —_ 10
7 Df=1.9: aerosol aggregates
nt < R Df= 3. compact

0.08 l l
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J. Aerosol. Sci. 38, 793 (2007)



Sintenngilime fer fractallaggregate

Fractal Dimension, Df
Df=1: wire

D —_ 10
7 Df=1.9: aerosol aggregates
nt < R Df= 3. compact

0.08
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© MD (Di=3)
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J. Aerosol. Sci. 38, 793 (2007)






VAP PhEseSyNMESIS ofiiianepaniicies

sintering faster than collisions

chemical
precursor
vapor +
carrier gas

OOO @Q

Nanoparticles are described as being sphere



RPlasmarSyntnesis

Precursor — 5% Silane (SiH,) in Helium and Argon

Pressure — 2 torr

Power — 150 - 200 W

Frequency — 13.56 MHz

Chamber diameter — 5 cm

Length of filamentary discharge — 15 cm
Length of upstream uniform discharge — 5cm

High-intensity plasma instability.
consists of filamentary plasma
with individual plasma globules.

TEM images of cubic particles

A i
| - s
Experiments by o0 o
Kortshagen et al } ° %
at U of Minnesota - % P o
RF electrode g e ‘ "
B \L:g.z::;;zﬁ;:r -
plate rotating plasma

particle bea

filament
m

wafer inside vacuum chamber

Distance between RF electrode and extraction orifice is 6 inch/15cm | llon




StapilIity/ oiENanePAarticies

Liquid

Minimum surface area

Solid

Crystal structure

Surface structure




StapilIity/ oiENanePAarticies
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diransition remiCURENG
tiincated eeianedren

2980 Si atoms
4 x4 x4 nm cube






StapilIity/ oiENanePAarticies
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Assume: particle surfaces
are covered by H

Additional H energies

surface to volume ratio
PE / Si atoms
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Etch Rate (nm/min)

ElchingoenisSpnericalzarticies

— o,
< =

— o
< <

Etch Rate Ratio

-------------

102 20
3
2
L 100
q 8 :»
2 =
v ]
| =
K T 60
=
s (=4
g
£ (3}
2
2 20
EN
-
=S
A
300 400 500 600 7 100
Microwave Power(W) H, Flow Rate(sccm)

Sasaki et al, Vacuum 51, 537 (1998)

Sasaki et al, Jap. J. Appl. Phys. 37, 402 (1998)
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Experiment:
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MD simulation:
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INARGPArtICIETBASEedNDEVIGES

¢ building blocks
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Assembly is a biggest challenge in
Nanotechnology based device development.

* Microelectronic, optoelectronic devices

 Sensors >” ;ﬁ! o?
@ @ Ag Au Au Ag @ @

‘ Need to control the location of particles in

deposition process
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* Charge patterns are unstable
stamp (+) e P
@ @ + o+ e Stamp is easily damaged
Insulated substrate * Non-insulated surface?

 \We want to have:

» Stable charge patterns

» Stable structure

» Adjustable charge strength

» Available and reliable technology

mmm) Use P-N junction
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Apply reverse
bias voltage

N-type
substrate

| Silicon doped n-type GaAs substrate

P-type
stripes

1 ym Zinc doped p-type stripes and
contacts are patterned by the

photolithography plus ion implantation.

P-type Contact pad

The Spacing between p-type stripes
are 30um in width

Monodisperse particles

10%/cm™ & flow rate = 1 lpm

nozzle:

2mm in diameter & 1 cm
above the substrate

4.8 kV X2.88K 15.0rm
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We can summarize the factors involved In the deposition process:

_ %™ Brownian
Vg motion
1. External force, F.;: <:
Electrostatic (F.), van der Waals (F,4,) and image forces (F)) Fp I l Foxt
2. Convective flow (only in x-direction) P-N Substrate

3. Diffusion force (Brownian motion): random, non-directional force

orudkT
i = ( Jéwit )" C_: slip correction factor
4. Drag force, Fp: to resist the momentum change
3tudv
rp = g v: particle velocity

C

From Langevin Equation we can derive the particle trajectory: (in terms of
velocity) "

mp=Fext+FD+Fdiﬁ,

3=1/(particle relaxation time)

- kT
V=V Affected by B1 = +[— (1 _ e bt )]
Affected by diffusion force m
electrostatic force P



Coverage Selectivity
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Control location of

' particle deposition

’ A 30nm Experiment
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0.2 0.4 0.6 0.8 1
Reverse Bias (-Volts)

Control coverage

o

selectivity by voltage

Coverage _ Cv =Cr 1000
Selectivity Cy



& Size of Nanoparticles.

* Hydrogen passivation surface prevented particle growth.

* Slowed sintering process & developed viscous flow model.

&Shape of Nanoparticles.

* Hydrogen stabilizes Si crystals to be a cube.

& Assembly of nanoparticles.
e Used P-N junction.

e Developed a Dynamics Model & Simulations.

&@Mechanics of nanoparticles.

e Sensitivity of morphology.
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