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* How to control the identity, placement, and function
of every important atom in a nanoscale solid?

How to understand the systems that are too large to
ne handled by bruteforce calculation, but too small to
ne tackled by statistical methods?

A revolutionary impact on fields from
, and from to




Fabrication of magnetic nanostructures

well controlled In several tens nanometer

an art rather than a technology
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aboratory of Microfabrication




resolution:  <0.5um

@vacuum contact
mask size:  upto 6”
substrate size: up to 6”
alignment:  two-side
Infrared




Overview of Align/Expose/Develop Steps

(x,y.8) alignment of uniform UV exposure illumination

mask 1o substrate 181140141010010141311

e | | chrome on glass photomask
I e 111 111

F photoresist (PR)
latent image created in subsirate wafer

photoresist after exposure

vl Sa

wet chemical development

NEGATIVE PHOTORESIST POSITIVE PHOTORESIST
Photoresist is photopolymernized where Exposure decomposes a development
exposed and rendered insoluble to the inhibitor and developer solution only
developer solution. dissolves photoresist in the exposed areas.




Typical Results of MAG

Resolution: < 0.5 micrometer

“Magn I%

[ 30232x  Probe 95. 75" geneigt, 045
s .

I R=k- A INA
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0.2kV~30kV
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H.V. power supply

lens power supplies

electron gun

blanking amplifier

- e o — — —

|

|pattern generator
]

D/A converters
deflection amplifiers

column

final lens
electron detector

| registration unit

laser interferometer
stage controller

airlock

stage

chamber

Q Q)

computer

pattern data storage

vacuum system

vibration isolation table

L OB N :
L=1.2/(V )" nm

({E25kVZ] A
0.008 nm)




Resolution:

High voltage:
Motorized stage:
Function:

5nNm
8kV~30kV
6 axes
etching
deposition




Typical Results of FIB

lon beam resolution: 5 nm

The minimum line width: 10 nm

E-Beam| Spot| Det Scan Mag ([FWD
15.0kV| 3 SED | H22.63s | 15.0 kX|4.945




FIB/SEM
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Reservoir halder  \/acuum chamber for reservoirs
Reservoir Capillaries
Compressed air pistons i ;
. MICROSCOPE CHAMBER |

‘ . Needles

| |
holder
ION BEAM }

Microstage
Air and electrical /

Connections

CVD Electronic 1 /¢
rack \ﬂ/ Optical connection with serial port

PC with CVD software



Operating Principle of FIB
1. lon-solid Interaction

The primary ion produces a linear
collision cascade, in which almost
only binary collisions occur. Due to
this cascade, energy can be
transferred back to the surface. If
more energy than the surface-
binding-energy is placed upon a
surface atom, it can be removed
from the sample. The average
number of atoms removed by one
primary ion is called sputter yield (Y).
It is strongly depended on the
material, ion energy, incidence angle
and environmental conditions.




2. Basics of beam deposition (Pt)

A heated capillary is
used to inject a
precursor gas eg.
Pt(CO), (Platinum-
hexacarbonyl) nearby
the beam. Due to the
particle beam (either
electrons or ions)
energy is deposited
onto the precursor
molecule. The
molecule decomposes
and the metal atom is
bound to the surface.




The applications of FIB

cross-sectional Imaging through semiconductor
devices (or any layered structure)

modification of the electrical routing on
semiconductor devices

failure analysis
mask repair
preparation for physical-chemical analysis

preparation of specimens for transmission electron
microscopy (TEM)

Micro/nano-machining




| ocal cut and connection

* Device modification (2 cuts and 1 metal deposition)




Sample preparation

1. Cross-section for failure analysis and design
assistance
2. TEM sample preparation

« Cross-section of an integrated « TEM sample preparation
circuit




Device Modification

A: FIB cut to metal 1. B: FIB via to

Deep Probe Point Filled
metal 1.

with Conductive Material

C: FIB strap joining vias. D: FIB via
to metal 2.




Other Facilities

!

0

Reactive lon Etching

Surface Profile ~ Wire Bounder  prope Station
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The processes for fabricating
Pt nanoplllar arrays




E-Beam| Det hlag Tilt | FWWD]  HFW
18.0 k| TLD-5] 200k ] 52.0° | 4.876] 0.76 pm

After optimization of Pt deposition and milling parameters, the

Pt nanopillar arrays with height of 8.5 um and tip radius about
17 nm were obtained.




FE |-V properties of Pt pillars deposited at
different accelerating voltages

O KV 20KV 30 KV

3 4 § 8 7 8 & 1011 12 ¥ 14 18
Elsctric fisld (V/um )
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(a) Fabrication process for three-dimensional nanostructure by FIB CVD
(b) Microbeakers with 1,0 and 1.5 um diameter, and 1,0 um height
(c) Microwine glass with 2.75 um external diameter and 12 um height

BEAM-SCAN
DIRECTION




(a) Microcoil with 0.6um coil diameter, 0.7um coil pitch, and 0.08um
linewidth

(b) Microbellows with 0.8um pitch, 0.1um thickness, 2.75 um external
diameter, and 6.1um height
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Quantum lines and dots

. s
X e B

[ - i %

R DDRSSS {22

(a) Lines parallel to [110]:
patterning width 1 um, period 2.25
um

(b) Lines parallel to [11/0]:
patterning width 1 um, period 2.5
um. Note the etch pits on the upper

surfacein (a)

(c) dots with exposed regions
patterned at 0.5 um, period 1.2 um,
etched for 1 min

(d) Dots with exposed regions
patterned at 0.5 um, period 1.4 um,
etched for 4 min. Note the
iIncomplete etch down to the GaAs
stop layerin (c). Some electron-
transparaent flakes of GaAs cap
layer and QW are visiblein (d)
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Three-terminal carbon nanotube junctions:

Current-voltage characteristics
L. Liu et al. Phys. Rev. B 71 (2005) 155424

The current in the first nanotube (connected to electrodes 2 and
3) can be influenced by the voltage applied to the second
nanotube (connected to electrode 5) which acts as a local gate
electrode.
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The test structure of ferroelectric properties

FIB milling in the size range from 1um? to 400 nm?
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Submicrometer Ferromagnetic NOT
Gate and Shift Register

A rotating magnetic field changes the value of
a bit by moving and then flipping the boundary
between regions of magnetized wire.
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Left-hand materials (LHM)

D. R. Smith 1 Snell e 2 & 513 5
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Beaming Light from a
Subwavelength Aperture
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DNA detectors
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An all-metallic magnetic logic gate
fabricated by Invar nanostructures

Beijing National Laboratory for Condensed Matter Physics IOP. CAS X w"“"*b



Introduction

Spin injection

-
external magnetic field

spin-polarized current

\~

Anti Ferromagnet

AR/R -5%-10%
saturation field
10-30 Oe

J. A. Katine, et al. Phys. Rev. Lett. 84,3149(2000).

-

S. Datta and B. Das, Appl. Phys. Lett. 56,665(1990).

Y. B. Xu et al. Phys. Rev.

Beijing National Laboratory for Condensed Matter Physics




The nanoconstriction structures

9 nm 46 nm
=l =

(l

RANOCORIACT

B} pem 10 p 5
- - - ’,

266 4 JOOK
| | | |
FI%. 1. Schematt ilustiaticn of the shiage of & typical sample amd the 1 )] S 100 150 200 250
lmage of e sancoontact betwesn twe whis. The aagowsst square betvsen
twe Wizt b defland v “Ranocontaet” ia b aithole. The size of the mas- H (ﬁj&)
eemaet extinmted o the TEM lmags waw 135013 ame,

MR measorements. Micromagnetics sunulation showed that
a trappec DW at the nanocentact has an internal magnetic
structore simmlar to a Neel wall inside the nanocontact. Twe

K. Miyake et. JAP 97,014309(2003)

Beijing National Laboratory for Condensed Matter Physics IOP. CAS



Domain wall motion in metal and semiconductor

Yamagushi et al., Phys. Rev. Lett. (2004)

Yamanouchi et al. Nature 428(2004)539

- |'- ~ i [ R | r’ 3 s 1|.' il il T g | [ .iil"l
=== Current I stade ARET Lo =00 R 1T INEL TR o D B 1S T

Observation Domain wall motion in nanostructure

Beijing National Laboratory for Condensed Matter Physics IOP. CAS



Invar alloy nanocontacts

h 1 50 ] 100um* EHT =10.00 kv Signal A = InLens Date :26 Feb 2006
Mag = 145X I—' WD= 5mm User Name = TRAINING Time :16:51:12

Different widths of Invar alloy nanocontacts and the measurement electrodes

Gu et al. APL 88 (2006) 033108

Beijing National Laboratory for Condensed Matter Physics IOP. CAS




Domain wall magnetoresistance
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» nanocontact can pin a domain wall

» the change of resistance is DWMR

» DWMR decrease with the increasing width

» critical current increase with the increasing width
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Domain wall magnetoresistance

. . . 1600 U T U T U T T T g T
“domain wall displacement by spin i 7
polarized current” N =

<§-1200— .
L. Berger J. Appl. Phys. 55,1954(1984) = 1000- e ]
c _ _
£ 800- . .
= %] _
© 600 .
. 4] 1 1
“spin pressure” S 400+ !
S 200_- [ s i
J.M.D. Coey Phys. Rev. Lett. 87,026601(2001) _ _
0 T T T T T T T T T T
0 50 100 150 200 250

] point contact width (nm)

1 I t 1 |

The current density required to
be of the order 1.8E7 A/cm?

(agreement with the observations in
bulk materials)

Beijing National Laboratory for Condensed Matter Physics I0OP. CAS



Results in other ferromagnetic metals

R (Q)

498.6
A Fe 70nm contact width

4983

498.0

4977+

4974+

497.1+ )

0.0 02 04 06 08 1.0
Voltage (V)

The critical width decreases
with the increasing coercive
force

Gu et al. Nanotechnology
18 (2007) 295403
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Micro-Magnet Simulation (OOMMF)
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Critical current and coercive force

4000 P . :
spin pressure” by spin
< polarized electron:
< 3000+
= PoJrAled
L
B 2000+
S Critical depin pressure:
S 1000} P=1AM/2S
0 50 100 150 200 250 300 350 400 ;3
Nanocontact width (nm) J « TPAmeo/25T, S'A
NiFe Ni Fe Co Critical current

0.05 Oster | 0.7 Oster | 1 Oster | 10 Oster Increases with the
coercive force

Beijing National Laboratory for Condensed Matter Physics I0OP. CAS



The direction of DW motion

Resistance(Q)
= _
-
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Direction of DW motion
IS the same to that of
current carrier
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Resistance change in different structures ~ GU et al Nature Nanotechnology
3 (2008) 97 P N
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Alternating Current resistance spectra
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Fitting results

1 F2F ()
8z'md ? (£2 - £, )+ (f /(277))
Eiji Saitoh et al. Nature 432, 203(2004)

479.1 D
479 .4} | Fitting result

| R=R +AR()
478.9 | Mass of the single DW = 2.637 x 10™ kg

AR(f) =
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Nowaday Spintronic logic devices

Fig. 3. Majority gates
designed for testing all g 90 B 1
input combinations of = g /\/\/\/\/\/\
the majority-logic oper- = .90
ation. The arrows drawn = 80 {
superimposed on the o] 0 |
SEM images illustrate o
the resulting magneti- T -80
zation direction due to 1 )
a horizontally applied 0 v
external clock-field. The 1
magnetic state of the ey
AFC inputs has the op- 5 1
posite effective votes on - a _-| m | |
the central magnet as &
compared with the FC g ! 1
inputs, so AFC and FC ' 1
inputs are assigned E 0 m I—
the same logical value =]
for opposite magne- = -1
tizations. The bit value “0" is assigned to magnetization direction down along the vertical axis 1
of FC input magnets and the central magnet, and value “1” is assigned to magnetization up. The Fig. - (A] FIB image of a magnetic nanowire netwaork 0
AFC input is defined oppositely. containing one NOT gate, one AND gate, two fan-out

junctions, and ene cross-over junction. MOKE measure-

ments were made at positions | and IV, indicated by 000 005 010 015 020
asterisks, and positions Il and |Il denote the inputs to Time (s)

the AND gate. Also indicated are the directions of field
components (H, and H ) and the sense of field rotation (Rot). (B) MOKE traces describing the
operation of the magnétic circuit within a counterclockwise rotating field with amplitudes H.° =
75 Oe and H © = 88 Oe and dc offset of H "¢ = -5 Oe. Experimental MOKE measurements from
positions | and IV of the circuit are shown. Traces |l and Ill are inferred from trace | and show the
magnetization state of the AND gate's input wires.

Cowburn et al. Science 309,1688

Fig. 4. MFM images of functioning majority gates. The location of the magnets is drawn Iﬁ . D r i Ve n by M ag n eti C fi e I d

superimposed on the MFM data. (A to D) Clock-field applied horizontally to the right and
(E to H) to the left. Bit values assigned to the magnetization directions can be determined
by the MFM contrast. Bit values shown in (1) are for FC inputs and central magnet. (AFC ! o
inputs are designated with the inverse logical values.) The black insets show alignment of

e ey permaaseic s reempt i, at donceo: B HES U () by MFM or MOKE
A.Imre et al. Science 311,205

Beijing National Laboratory for Condensed Matter Physics



NOT gate circuit

Equivalence circuit

IDD
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I | | |
| i
Raith 150 2pm EHT = 10.00 kV Signal A = InLens Date :17 Sep 2006
Mag= 273KX —] WD= 5mm User Name = TRAINING Time :15:21:56

_b

loo = <critical value

Gu et al. Nature Nanotechnology
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NOT gate circuit
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« the intrinsic oscillation frequency of a 50-nm nanocontact is 7.5+0.1 MHz,
thus the NOT circuit made from two 50-nm nanocontacts could reach the
maximum logic computing speed of 7.5=0.1 MHz.

* the power dissipation could be estimated using the relation P=VI =1.2x 10
W (where V=0.24 V and 1=5.1 X 10 A, obtained from experimental data),
which is very low compared with that of a Si circuit.
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NOT gate circuit

«work at room temperature without the use of an
applied magnetic field

o the high carrier densities made possible by the use
of metals rather than semiconductors

e the electrical controls should make it relatively
straightforward to communicate with standard
CMOS circuitry

 the relative simplicity of the circuits should also
make it possible to scale the circuits to smaller sizes.
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