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Nanofabrication is the fabrication of devices and structures in the range of 
nanometers up to a few micron (or thereabouts). There are many applications in 
nanometrology where these structures are useful

Typically these devices start out as conventionally made device structures 
fabricated using clean room techniques such as lithography and deposition

However, this is often not enough and these simple structures need additional 
components to make a working device

They are then modified using focused ion beam (FIB) and manipulation techniques 
to produce new devices for the measurement of properties at the nanometer scale

Introduction



FEI Nova Nanolab 600 Dual Beam FIB

Two column instrument

Electron column with 1.1nm resolution
Ion column with 7nm resolution

SE, BSE, SI and STEM detectors

Five GIS, W, C, TEOS, SCM and Pt
Zyvex four probe manipulation system, 7mm travel, 5nm resolution

Nabity NPGS lithography system for e and I columns

Our Instrument



Mass of an electron 9x10-31kg
Mass of a Ga ion 1.2x10-25kg

Velocity @ 30 kV
electron 1x108 ms
Ga ion 2.8x105 ms 

Momentum @ 30kV
electron 9.1x10-23 kgm/s 
Ga ion 3.4x10-20 kgm/s 

@ 30kV a single Ga ion can 
sputter several atoms in Si

Differences between 
electrons and ions



Low beam current
(1-30 pA range)

Higher beam current
(100’s pA- 20nA range)

Beam assisted deposition/etching
(size determines beam current)

Typical ion beam modes
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An ion column is essentially an electron column with the polarity reversed

Several non-OE manufacturers exist that supply equipment to convert a SEM into a 
lithography system

These systems use a CAD package to draw the structures that need patterning

The CAD file is then interpreted by a run file that controls the position and dwell of the beam

Providing the FIB column has external access to the beam blanker and scan coils the 
patterning possibilities become almost unlimited

e-beam lithography system 
for ion beam modification



‘Lithographic’ based 
approach to patterning

Produce a CAD file
Note use of colours and line types

Produce a ‘run file’
This gives beam conditions CAD file 
running order and sample stage moves



An example of this in practice 

Converting a strip of niobium 
metal into a nanoSQUID

Loop size ~250nm 

Junction widths are ~50nm

Ion beam current 30pA

Milling time is 30 seconds



SQUID overview

A SQUID is a Superconducting QUantum Interference Device

In simple terms it consists of a loop of superconducting material with two 
Josephson (or weak-link) junctions

These devices are extremely sensitive magnetometers and are used to 
measure very small magnetic fields

The Quantum Detection group at NPL use them to measure the magnetic 
properties of extremely small magnetic particles 



Example of a Nb Nano-SQUID

FIB fabricated nano-SQUID

NPL breaks world record for lowest noise nanoSQUID Posted 30 August 
2007.
A brand new process for fabricating nanoscale Superconducting Quantum 
Interference Devices (SQUIDs) has been developed and recent tests have 
shown that these are more sensitive magnetic sensors than any others 
produced anywhere. In collaboration with the universities of Surrey and 
Strathclyde, the NPL breakthrough has been to design SQUIDs using focussed 
ion beam milling techniques to produce ultra-small Josephson nanobridge 
junctions in nanoscale superconducting loops. Such a SQUID is smaller and 
simpler to make than conventional tunnel junction devices. Recent 
measurements carried out at the superb low magnetic field facility at PTB 
(Berlin), have shown that, even at the relatively high temperature of 6.5K
these SQUIDs have magnetic flux sensitivity of around 4.10-22 Wb/Hz1/2. This 
is an order of magnitude improvement on other SQUIDs at comparable 
temperatures and has only been equaled previously by devices cooled to a 
temperature a factor of 100 lower. Nanoscale SQUIDs have a wide range of 
future metrological applications including spintronics, single particle 
detection, NEMS and in quantum information processing.

 

Work carried out with Ling Hao, John Gallop 
and John MacFarlane at NPL



Adding manipulation

Four probe manipulation system

Three axis motion on each probe

5nm step size, 7mm of travel 

Used for fabrication, TEM foil lift-
out and probing



Four probe manipulation system

Three axis motion on each probe

5nm step size, 7mm of travel 

Used for fabrication, TEM foil lift-
out and probing

Chamberscope view shows how 
crowded the instrument gets

Adding manipulation



Manipulating larger objects (a few mm)
to make new functional devices

Tuning-fork AFM cantilevers

Used for cryogenic AFM as no laser is used and sample heating is avoided

~8 mm

Quartz tuning fork

Glue

Sharp tip

Quality factor is very degraded

Tuning fork

Tuning fork + tip

~ 32kHz
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Using a conventional AFM cantilever and tip on a tuning-fork AFM cantilever

Manipulating larger objects (a few mm)
to make new functional devices



Combining patterning and manipulation

Magnetic measurement on 400nm Co 
nano-magnetic particle

� Magnetism on the nanoscale is already a hugely important area of
metrology with the ever growing data storage technology being one 
of the main drivers.

� The Quantum detection group at NPL is establishing new 
methods and standards in measurement of magnetism in 
extremely small particles using SQUIDs and quantum hall probes.

Work carried out with Olga Kazakova at NPL
and Michael Farle at Duisburg



Getting smaller and closer to measuring 
a single spin

Magnetic measurement on 165nm 
Fe/Pt nano-magnetic particle

A single particle is placed close to the 
SQUID loop

Our measurements indicate this 
SQUID is sensitive enough to 
measure a single spin

Work carried out with Olga Kazakova, Ling Hao and 
John Gallop



Sometimes we have to take things apart

Magnetic measurement on 175nm 
Fe/Pt nano-magnetic particle

A single particle is placed close to the 
SQUID loop

Our measurements indicate this 
SQUID is sensitive enough to 
measure a single spin

Work carried out with Olga Kazakova and Ling Hao



Magnetic measurement on 175nm 
Fe/Pt nano-magnetic particle

A single particle is placed close to the 
SQUID loop

Our measurements indicate this 
SQUID is sensitive enough to 
measure a single spin

Work carried out with Olga Kazakova and Ling Hao

Sometimes we have to take things apart



Sometimes we have to take things apart

Magnetic measurement on 175nm 
Fe/Pt nano-magnetic particle

A single particle is placed close to the 
SQUID loop

Our measurements indicate this 
SQUID is sensitive enough to 
measure a single spin

Work carried out with Olga Kazakova and Ling Hao



Combining patterning and nanomanipulation
to make NEMs devices

A ‘conventional’ SQUID loop with 
nano-bridge milled junctions is 
used as the readout in a NEMs 
resonating beam device

The resonating beam is milled 
from metal coated Si and is 
manipulated into place, where it is 
electrically connect using ion 
assisted deposition SQUID loop

Junction
beam

paddle



Another variant of a Nb nanoSQUID

A nano slot-SQUID with milled 
junctions. The loop size is 
1mm long and 100nm wide. 
Junctions are 55nm wide



Combining patterning and nanomanipulation
to make NEMs devices

A ‘slot’ SQUID loop with nano-
bridge milled junctions is used as 
the readout in a NEMs resonating 
beam device

In this case the beam is 2mm long 
200nm wide and 85nm thick 



How small can we go?
65nm Fe/Pt beads

When things get very small we use a 

multi stage process

A frame (cut from a Si AFM cantilever) 

is used to support the bead that can 

then be placed precisely 

A hole (~50nm is diameter) is cut where 

the particle is to be located



The frame plays no role in the 

measurement as long as it is non-

magnetic

It is manipulated into place following the 

placement of the particle

How small can we go?
65nm Fe/Pt beads



How small can we go?
Nanotube and nanowires

Single multiwall nanotube  placed on 
two Pt  electrodes for thermal 
transport measurements 

CNT is 15nm diameter and about 
5mm long



How small can we go?
Using nanotubes as supporting structures 

In much the same way as we used the 
Si frame for the Fe/Pt we can use 
nanotubes as supports for even smaller 
particles

Recently published work on 15nm Fe 
cubes



• The work demonstrated here is very “top down”

• With a few simple additions, and some imagination, FIB can be turned into 

an incredibly flexible fabrication tool capable of making bespoke devices 

rapidly and not possible by almost any other method

• FIB and nanomanipulation can be used in huge range of applications in 

physics, electronics and materials science

• While I can’t make any guarantees, just ask and I’ll have a go at anything!

Summary and conclusions
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