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  Pref ace   

 The focused ion beam (FIB) has become one of the most popular tools enabling 
scientifi c and technological advances in the creation and characterization of objects 
at the nanometer scale. In many respects, the importance of FIB to nanoscience and 
nanotechnology is comparable to the scanning tunneling microscope (STM). While 
STM is considered to be the eyes and hands of needed scientists to manipulate 
atoms and molecules, the dual-beam or other advanced FIB confi gurations allow 
scientists not only to fabricate various nanostructures with a powerful “hand” hold-
ing a “drill” but also to “see” nanoscale fabricating processes in real time. These 
capabilities have allowed FIB nanostructures to fi nd a wide spectrum of applica-
tions in areas ranging from the microelectronic industry and materials science to 
biology and medicine. The fabrication of FIB nanostructures, their applications, and 
special features are extensively covered in this book with 19 chapters by 60 authors 
from 12 countries. 

 The FIB nanofabrication process is reviewed in Chaps.   1    –  7    . Chapter   1     begins 
with a description of the FIB instrument and then covers FIB nanofabrication by 
milling and deposition. Chapters   2    –  4     focus on the milling process. Chapter   2     con-
cludes that FIB milling is a viable approach for fabrication of ferroelectric nano-
structures. Chapter   3     demonstrates that low-ion-beam-current FIB milling can 
create and characterize freestanding nano-objects in a well-controlled manner. FIB 
milling to reveal the internal structures of carbon nanotube yarns and bucky-papers 
is described in Chap.   4    . A detailed description of the use of FIB-induced deposition 
to grow nanoscale electrical contacts is presented in Chap.   5    . Chapter   6     recapitu-
lates a systematic investigation on FIB-induced deposition of ultrathin amorphous 
carbon patterns as a route toward the easy integration of carbon nanomaterials. 
Chapter   7     emphasizes the precision and accuracy of FIB fabrication for both micro- 
and nanostructures. 

 Various applications of the FIB technique are described in Chaps. 8–16. Chapter 
  8     reviews the application of ion beam to scanning probe microscopy. Chapter   9     
reports on the FIB fabrication of needle-shaped specimens containing subsurface 
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nanostructures for electron tomography. The FIB technique is used to create gratings 
and speckle patterns for micro/nanoscale deformation measurements in Chap.   10    . 
Often the application of FIB nanostructures to the fabrication of nanostructures can 
be enriched by the combined use of another technique. Chapter   11     shows how to 
combine FIB with self-assembly of epitaxial quantum dots in order to produce regu-
lar quantum dot arrays. In Chap.   12    , the combination of mold fabrication by FIB 
and nano-imprinting enables development of functional metallic glassy materials 
with micro- and nano-sized periodical structures. Chapter   13     describes the feasibil-
ity of combined use of dielectrophoresis and FIB for realizing nanodevices based on 
nanostructured materials. Combining FIB and nano-manipulator, Chap.   14     reports 
on characterization of thermoelectrical properties of individual one- dimensional 
nanosystems such as metallic or semiconducting carbon nanotubes and nanowires. 
In Chap.   15    , the FIB technique is introduced as a useful and versatile tool for nano-
fl uidic applications. Chapter   16     discusses the results of FIB use in developing nano-
structured stent surfaces for cardiovascular applications. 

 Potential damage and instability during FIB processing are also considered in 
this book. Chapter   17     investigates the damage induced by Ga +  FIB in piezoelectric 
nanostructures. The physical factors that can lead to instabilities are discussed in 
Chap.   18    . In Chap.   19    , the mass-separated FIB system is introduced and adapted to 
several fi elds of application in nanotechnology beyond classical Ga instruments. 

 The editor would foremost like to thank all the contributors for their outstanding 
chapters. I would also like to acknowledge editorial support from Springer and in 
particular Dr. David Packer and Sara Kate Heukerott. Finally I am grateful to Mr. 
Xingliang Xu for his contribution in providing helpful editorial assistance.  

    Beijing ,  China       Zhiming     M.     Wang, Ph.D.       
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    Abstract     The focused ion beam (FIB) technology has become increasingly popular 
fabrication and characterization tool across many research areas from nanotechnol-
ogy, material science, microelectronic industry, life science, biology, and medicine. 
FIB was specially recognized as an attractive tool or the fabrication of micro- and 
nanostructures with complex geometries and shapes. This chapter presents the basic 
introduction of FIB dual-beam system and its operation modes, followed by descrip-
tion of instrument in more details. The review has emphasis on FIB fabrication of 
nanostructures by milling and deposition methods with particular focus on fabrica-
tion of nanopatterns and nanopore arrays. Various efforts to fabricate micro- and 
nanoscale structure and geometrically complex structure are described. Finally, 
recent developments of applications of FIB in different areas of material science and 
life science are briefl y reviewed.   

    Chapter 1   
 Focused Ion Beam (FIB) Technology 
for Micro- and Nanoscale Fabrications 

                Krishna     Kant          and     Dusan     Losic    

        K.   Kant ,  Ph.D.      
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  School of Chemical Engineering, The University of Adelaide , 
  North Engineering Building ,  Adelaide ,  SA   5005 ,  Australia   
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1.1         Introduction 

 Fabricating materials with micro- and nano-dimensions is one of the biggest 
challenges in the material science and nanotechnology, and focused ion beam (FIB) 
is an important technology to address these challenges. The FIB technique not only 
offers the fabrication of nanostructures by the removal of material from the solid 
surface (milling) or their deposition or surface modifi cations but also at the same 
time has the capability to provide their topographical analysis. The dual-beam FIB 
or more advanced FIB instruments combined with the scanning electron micro-
scope (SEM) and other imaging technologies are recognized currently as the most 
powerful tools for fabrication and characterization of nanostructured materials. 

 The FIB technique was introduced in the 1970 and the early 1980s by the inven-
tion of liquid metal ion source (LMIS), but the fi rst commercial instruments were 
introduced more than two decades ago [ 1 ]. The FIBs initially have been mostly used 
in the semiconductor industry for repairing lithographic masks, correction and fail-
ure control of electronic circuits, and debugging integrated circuits (ICs) with 
increasing circuit density and decreasing feature dimension [ 2 ]. Since the 1990s an 
enormous growth in nanoscience and nanotechnology took place and the FIB started 
to be a very demanding technology for rapid prototyping of micro- and nanoscale 
structures and development of new areas of applications including microelectro-
mechanical and bio-microelectromechanical systems (MEMS and bio-MEMS) for 
fabrication of micro-chips, microfl uidic devices, miniaturized sensors, biosensors, 
photonic devices, scanning probe microscope (SPM) tips, magnetic head trimming 
and other micro-tools [ 3 ,  4 ]. The FIB showed to have many advantages for these 
applications over electron beam lithography, as it is a mask-free process, has the 
capability of very fi ne focusing with choice of a wide variety of ion masses and vari-
ous ion species, and provides shorter penetration depth in solid. By controlling 
FIBs, it is possible to achieve an improved reproducibility and precision in fabrica-
tion of nanostructures with capability to create very complicated 3-D structures [ 5 , 
 6 ]. Ion beam is produced by the high-energy ionized atoms with a relatively high 
mass of atoms and directed to the sample surface with the help of lenses and aper-
tures provide high resolution in nanofabrication. In general FIB has four types of 
functionality including milling, deposition imaging, and implantation with high-
energy ions [ 7 ,  8 ]. The collision of ion beam on sample surface produces the elastic 
and inelastic collision, and dual beam uses both of them for milling and imaging. 
Apart from the fabrication by milling FIB is used for the formation of nanostruc-
tures by the metal deposition with the help of gases from metal sources (LMIS) 
including the ion (Ga + ) directed as a beam with high electric fi eld [ 9 – 11 ]. 

 The development of FIB technology is a very active research area over the past 
years to improve the performance of FIB instruments and extend their applica-
tions into new research areas and industry. Even though the FIB is an expensive 
instrument it is today widely used in laboratories for material research and devel-
opment, physical and chemical analysis, biological research sectors, and manu-
facturing companies. While the mainstream of FIB usage still remains within the 
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3

semiconductor industry and nanofabrication, the FIB usage has signifi cantly 
expanded for applications in metallurgy, earth science, ceramics, polymers, geol-
ogy, art, biology, pharmaceuticals, and forensics [ 12 ]. The FIB provides huge 
advantages to the preparation of specimens for microscopy analysis including 
SEM, transmission electron spectroscopy (TEM), and other characterization 
techniques. 

 In this chapter we fi rstly show the basic introduction of dual-beam system to 
understand the basic principle of FIB and difference and advantages compared with 
SEM. Then, basic operation modes of FIB followed with description of instrument 
with more details are discussed. The review has emphasis on FIB fabrication of 
nanostructures by milling and deposition methods with particular focus on fabrica-
tion of nanopores and nanopore arrays. Finally, recent developments of applications 
of FIB in different areas of material science and biological applications are briefl y 
reviewed.  

1.2     Principle of FIB System 

 The basic components of an FIB system consist of an ion source, ion optics, a 
substrate stage, and a vacuum chamber with auxiliary equipment (Fig.  1.1 ) [ 13 ]. 
An FIB instrument looks and operates as an SEM as both instruments are based 
on a focused electron beam for image and an ion beam for the FIB fabrications. 

Emitted
electrons

Sputtered
particles

Solid

Ga+

Ga+

e–

e–

  Fig. 1.1    Schematic illustration of a dual-beam FIB–SEM instrument. Expanded view shows the 
electron and ion beam sample interaction [ 13 ]       
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In the FIB secondary ions can be detected and used to construct image of the 
sample with magnifi cations up to 100,000 times. The operating ion beam in FIB 
is based on LMIS of gallium (Ga + ) positioned in contact with a sharp tungsten 
(W) needle. The Ga +  wets up the needle and fl ows to the W tip. A high extraction 
fi eld (>10 8  V/cm) is used to pull the liquid Ga +  into a sharp cone of up to 5–10 nm 
radius as it is shown in Fig.  1.1 . The use of Ga +  has its advantages: (1) Ga +  has a 
low melting point, so it almost exists in the liquid state near room temperature, 
and (2) Ga +  can be focused to a very fi ne probe size <10 nm in diameter. The FIB 
generally operates with an accelerating voltage between 5 and 50 keV. By a fi ne 
controlling of the strength of the electrostatic lenses and adjusting of the effective 
aperture sizes, the ion probe current density may be altered from tens of pA up to 
several nA. The ions of beam collide with the surface atoms of a solid sample, and 
they lose energy to the surface electrons. The important physical effects of colli-
sion of ions on the substrate are as follows: sputtering of neutral and ionized 
substrate atoms which lead to the substrate milling, and the electron which is 
emitted out as secondary electron provides the imaging of surface and also makes 
sample charged. In the presence of gases chemical interactions between the sur-
face and breaking of their chemical bonds help in the deposition process of ion 
milling [ 13 ].

1.2.1       Topographical Imaging by FIB 

 The fi nely FIB is used to scan over a substrate, and secondary electrons are gener-
ated from the surface of the sample and used for imaging purpose (Fig.  1.2a ) [ 14 ]. 
The electrons or the ions are collected on a biased detector for secondary electrons. 
The detector bias is a positive or a negative voltage with respect to the sample for 
collecting secondary electrons or ions. These secondary ions can be used for sec-
ondary ion mass spectroscopy (SIMS) of the target material in a mass spectrometer 
attached to the system. During the FIB operations, a small amount of Ga +  ions col-
lide on the sample surface and large numbers of secondary electrons leave the sam-
ple. The system also prevents the excess of electron collecting when it is used only 
for imaging due to electrostatic discharge, and it enables the reliable imaging of 
nonconducting materials such as glass which is largely used in microsystems.

   The resolution of FIB images depends on the ion beam spot size, i.e., below 
10 nm. In crystalline materials such as aluminum and copper, the ion penetration 
depth varies due to channeling along open columns in the lattice structure of the 
metals and its oxides. The rate of secondary electron emission depends on the pen-
etration depth of ions. It is worth noting that imaging with FIB inevitably induces 
some damage to the sample. Most of the Ga +  ions that arrive at the sample surface 
enter the sample; thus, the ion implantation takes place; besides implantation some 
milling also occurs when the ion beam scans over the sample surface. This type of 
milling effect can be reduced or avoided by using a fi ne ion beam with a fi ne spot 
and low ion current.  
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1.2.2     Milling of Solid Structures by FIB 

 The removal of sample material and making of patterns and structures can be 
achieved by using a high-current ion beam. The result of high-current FIB is that the 
high-mass atom of material comes out and leaves empty space at the site as shown 

  Fig. 1.2    Principle of FIB 
( a ) imaging, ( b ) milling, 
and ( c ) deposition [ 14 ]       
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in schematic in Fig.  1.2b . Scanning the beam over the substrate in a particular manner 
can achieve any type of shape or structure in surface. The sputtering yield is gener-
ally dependent on the angle of ion beam incidence; it increases with 1/cos( θ ), where 
 θ  is the angle between the sample surface and the ion beam direction. At the end of 
the milling process an insulator will appear dark in the SEM image than a conductor 
because conductor loses secondary electron. The resolution of the milling process is 
a few tens of nanometers, and the maximum aspect ratio of the milled holes is up to 
10–20 nm. To speed up the milling process or increase the selectivity of beam 
towards different materials, an etching gas can be introduced into the work chamber 
during milling. It will increase the etching rate and the selectivity towards different 
materials by chemical removal of reaction products. This technique is called gas-
assisted etching (GAE).  

1.2.3     Material Deposition by FIB 

 FIB has the capability of localized mask-free deposition of both metal and insulator 
materials. It works on the principle of chemical vapor deposition (CVD), and it is 
similar as laser-induced CVD [ 15 ,  16 ]. The only difference is the better resolution 
with FIB but with lower deposition rate. The metals, which generally used for depo-
sition on sample surface is platinum (Pt), but in the case of tungsten (W) deposition 
organometallic precursor gas (W(CO) 6 ) can also be used. The deposition of insulat-
ing material requires specifi c precursors; for example, silica (SiO 2 ) deposition 
requires gases such as 1,3,5,7-tetramethyl-cyclotetrasiloxane (TMCTS), oxygen 
(O 2 ) or water vapour are required. The deposition process is shown in schematic in 
Fig.  1.2c . The precursor gases fl ow on the surface of sample with the help of gas jet, 
and it gets adsorbed on surface molecules. When the ion beam hits the sample 
surface it decomposes the adsorbed precursor gases. The volatile reaction products 
come out from the surface and are removed through the high-vacuum system, 
and the desired reaction products (W or SiO 2 ) remain on the sample surface as a 
thin fi lm. In general the deposited material is not very pure because some organic 
contaminants as well as Ga +  ions of ion beam are also present. The deposition has a 
bitmapped shape instead of a simple rectangle shape. The smallest features that 
can be deposited are of the order of 100 nm (lateral dimension) and up to 10 nm 
thicknesses [ 14 ].   

1.3     The FIB Instrument Description 

 A schematic diagram of a FIB/SEM dual-column instrument is shown in Fig.  1.3  [ 17 ]. 
The instrument consists of a high-vacuum system, a chamber with sample stage, 
LMIS, ion column, gas jet, and a computer to run the complete instrument. The 
confi guration is almost similar to the SEM, and the only difference is the use of a 
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gallium ion (Ga + ) beam instead of electron beam. The ion beam is generated from 
LMIS by the application of a strong electric fi eld. This electric fi eld causes the emission 
of positively charged ions from a liquid gallium cone. The operating extraction cur-
rent is 2 μA, which is formed on the tip of a tungsten needle and has an extraction 
voltage of 7,000 V. The ion beam energy is typically between 10 and 50 keV, with 
beam currents varying between 1 pA and 10 nA. Using the variable aperture mecha-
nism, the beam current can be varied, allowing fi ne beam for high-resolution imaging 
on sensitive samples and a heavy beam for fast and rough milling.

   The sample is mounted on a motorized stage, inside the chamber. The chamber is 
divided into two parts with the valve: one is beam line chamber, and the other one is 
working chamber for sample loading and unloading. Under normal operating condi-
tions, inside this chamber a high vacuum up to 10 –7  m bar range is maintained. In 
order to preserve this vacuum the valve gets closed while loading or unloading the 
sample. A system of high vacuum is needed to maintain the vacuum inside the col-
umn and the work chamber where a rotary pump is used in combination with a turbo 
pump. The ion column is separated with one pump. Most of the FIB systems are 
available for delivering a variety of gases in working stage to help milling to the 
sample surface. To provide gas for working chamber a gas cabinet containing all 
applicable gases is present outside the vacuum chamber. The gas containers are con-
nected to a gas jet nozzle assembled inside the working chamber through an 

  Fig. 1.3    Schematic diagram 
of combined FIB/SEM [ 17 ]       
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appropriate piping system. The gases are used for faster and more selective etching 
as well as for the deposition of materials [ 17 ]. All operations in FIB instrument such 
as loading of samples (partly), adjustment of sample stage, manipulation of the ion 
beam and beam energy, and control of the vacuum system and gas jets for gas deliv-
ery are controlled with the computer and software. Indeed, the complete user inter-
face is run by means of a computer workstation. There are a number of FIB parameters 
which infl uence performance and effi ciency of FIB system which are summarized in 
Scheme  1.1 . The infl uence of these parameters using different FIB modes and appli-
cations was investigated by many authors and presented in a recent review [ 18 ].

1.4        Fabrication of Nanostructures by FIB 
and Their Application 

1.4.1     Nanopatterning and Nanolithography 

 The FIB technology is widely used in the nanopatterning or mask-free lithography 
providing many advantages compared with conventional and electron beam 

  Scheme 1.1    Classifi cation of FIB parameters important for performances of FIB system       
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lithography. A mask-less lithography is a one-step process based on direct ion beam 
writing, i.e., transferring a pattern by direct printing of the FIB onto the sample. 
The technique can be used for any type of materials including silicon, metal oxides, 
metals, polymers, and soft and hard biological samples. Most of the FIB applica-
tions have aimed to achieve the smallest possible sizes for pattern elemental struc-
tures. FIBs with high beam current, small spot size and high accuracy in patterning 
open the opportunities to expand FIB prototyping to larger area and complex struc-
ture. The dual-beam FIB instrument has control not only on the lateral dimensions 
but also on the depth of each individual pattern element independently. These 2-D 
patterns on the surface can be fabricated using both milling and deposition mode 
depending on the required application. 

  Fig. 1.4    Examples of patterned nanostructures fabricated by FIB milling and deposition: 
( a ) Aligned 2-D structures used as a diffractive optical element of a fast parallel processing spec-
trometer were milled into Si with a 21 nA FIB beam which was [ 19 ]. ( b ) 2-D periodic pattern of 
closed nanoholes directly written on wave guide slab by the FIB milling. The cross section of the 
small pattern shows the 600 nm deepness [ 20 ]. ( c ) SEM images of square patterns fabricated by 
milling into a 30 nm permalloy thin fi lm by the 30 keV Ga +  ion beam perpendicularly on substrate. 
( b ) Spin-valve nanowire of 200 nm width and 16 μm length with FIB-deposited platinum electric 
contacts used for the study of domain wall motion [ 19 ]       
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 Figure  1.4a  shows an example of FIB machining for fabrication of a diffractive 
optical element for UV–Vis spectrometer. The 2-dimensional trenches with length 
of 125 mm and width of 2.5 mm are patterned in area of 1 × 0.5 mm 2  and arranged 
in groups that differ in pattern depth of 35–3.5 mm in step of 35 nm. These trenches 
were patterned with a 21 nA current beam, which usually takes about 7 h to write 
[ 19 ]. In another example a pattern of nanohole arrays was made with the 10 pA 
beam current, and cross section is milled at a particular region to check the correct 
depth of the holes (Fig.  1.4b ). These structures were used on wave guide slab for 
photonic applications [ 20 ]. The FIB is also used as a useful tool for the fabrication 
of 2-D patterns with the implantation of the ions in silicon nitride for various types 
of semiconductor device fabrication which is shown in Fig.  1.4c    . Another example 
is fabrication of nanowires of 200 nm width and 16 μm length with FIB-deposited 
platinum electric contacts used for the study of domain wall motion [ 19 ].

1.4.2        FIB Nanopore Fabrications 

 Nanopores, defi ned broadly as holes or channels that range from less than 1 to 
100 nm in diameter, have attracted considerable interest in recent years for molecu-
lar separations, biosensing, molecular electronics, optical devices, and nanofl uidics. 
Solid-state in comparison with soft materials were seen more advantageous for fab-
rication of nanopores due to its high stability and rigidity, controllable diameter and 
channel length, and adjustable surface properties [ 20 ,  21 ]. Several approaches for 
fabrication of solid-state nanopores such as FIB, electron beam drilling, electron 
sculpting, reactive ion etching, and nuclear track etching have been explored in 
previous years [ 22 – 25 ]. However, the FIB milling has been particularly accepted as 
the most popular method for preparing nanopores in thin fi lm because it provides 
superior resolution and the ability to perform direct patterning of pore arrays [ 26 ,  27 ]. 
In this case if we look towards the formation of nanopores into silicon wafer it needs 
to have very high control in accuracy and beam focus. 

 A typical example of nanopore array electrode fabricated on oxidized silicon 
wafer substrates with the FIB method is shown in Fig.  1.5  [ 27 ]. To fabricate the sin-
gle nanopore or nanopore array with controlled-pore diameters and inter-pore dis-
tance the sequential FIB milling is the best choice. The fabrication of single or array 
nanopores was particularly attractive for fabrication of DNA sensing devices and 
biosensors [ 26 ]. In Fig.  1.5  shows the disk-shaped pores produced with different size 
by sequential milling in the silicon nitride layer. The fabrication process requires two 
steps including making of the pattern by the software which will work as the guide 
mark for the ion beam to do the milling over the surface. The process provides the 
fl exibility to make the number of patterns and run the instrument in auto mode for 
long-time milling on sample. The ion beam current is the key factor to know the mill-
ing time of the pattern; if the ion beam current is high the milling time will be lower. 
The lower ion current is useful but has some disadvantages: long time of milling and 
beam displacement if it is not very stable with sample.
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   The milling rate varies with the ion beam current, and a small beam current is 
always preferred to use for milling process of structures with nanoscale dimensions. 
It is reported that the limitation of 150 nm is the lowest pore diameter achieved for 
longer pores due to the high aspect ratios of the pores and the beam diameter [ 27 ]. 
Close examination of these nanopores fabricated by FIB method shows to have a 
conical rather than cylindrical shape. The formation of conical pores by FIB mill-
ing has been explained to be caused by redeposition of milled material [ 28 ,  29 ]. 
To address this problem, the use of XeF2-enhanced FIB milling is demonstrated to 
reduce the effects of material redeposition in the fabrication of inter-digitated nanogap 
nanoelectrodes [ 30 ]. These nanopore arrays produced by FIB were explored by 
many groups to mimic cell membrane nanopores and for DNA biosensing applica-
tions [ 31 ].  

1.4.3     FIB Combined with Anodization Process for Nanopore 
Array Fabrication 

 In recent years, porous anodic alumina (PAA) fabricated by electrochemical anod-
ization process with self-organized nanopores in hexagonal arrangement has cre-
ated great interest due to its potential to be used for many applications including 
molecular separations, biosensing, energy storage, photonics, drug delivery, and 
template synthesis. However this fabrication process has limitations regarding pore 
diameters, pore inter-distance, and pore patterns and shapes. To address this prob-
lem, the FIB and FIB-based lithography is combined with anodization process. 
The FIB lithography on silicon has been previously demonstrated to produce 

  Fig. 1.5    Schematic of the fabrication strategy ( left ). The Pt-coated surface covered with silicon 
nitride is milled by focused ion beam to open up nanopores through to the underlying Pt. SEM 
images from a selection of arrays and single electrodes with varying diameters. Schematic ( right ) 
illustration of the concept of threading of the DNA/beacon complex through a nanochannel that 
allows optical detection of the target DNA sequence [ 27 ]       
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hexagonal patterns to guide the growth of highly ordered PAA with controlled 
inter-pore distances and patterns. The depths of the FIB patterns range from 5 to 
20 nm for effective pore growth during anodization. With the FIB gradation in the 
size and shape (rectangle, square, and circle) can be easily achieved with the array 
of the nanopatterns [ 32 – 34 ]. Another approach is used by FIB to create arrays of 
hexagonally close-packed concaves with variable depths on polished Al surfaces 
and study their effects on guiding the growth of the nanopores. Figure  1.6  [ 35 ] 
shows the schematic of the fabrication of PAA membranes by FIB patterning pro-
cess. It was found that concaves as shallow as few nanometers can effectively 
guide the growth of the PAA nanopores during anodization process. Therefore the 
fabrication of pores with different pore sizes, inter-pore distance, shapes, and pat-
terns is possible by combining FIB and anodization method [ 36 ]. It was found that 
the Ga +  implantation in Al, during the FIB patterning, has important role in growth 
of nanopore in the anodization process; the pores start growing from the bottom 
side of the FIB-patterned concaves [ 37 ]. At the same time, the pores have a ten-
dency to expand, and the neighboring walls of these pores approach each other 
until two alumina layers merge. Since all the nanopores develop at the same rate, 
the neighboring pores restrain the change of the inter-pore distance. The nanopores 
developed from the FIB-patterned Al grow faster and have thicker oxide walls. 
Despite lot of advantages in patterning with FIB for shape and size, the  z -direction 
pore growth is not well controlled and it depends on the anodization conditions. If 
we monitor the effect of FIB patterning on the anodization process we can fi nd that 
the shallow pattern created by the FIB can effectively guide the growth of the ano-
pores during the anodization. Based on this concept the FIB is used combined with 
other synthetic approaches including chemical vapor, atomic layer, and electro-
chemical deposition to grow highly ordered nanorods, nanowires, and nanotubes in 
a hexagonal pattern on a substrate [ 38 ].
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  Fig. 1.6    ( a – d ) Schematic diagram showing the process for fabricating anodic alumina fi lm with 
ordered nanochannels [ 35 ]. ( e ) Alternating FIB pattern after the anodization, and the inset is the 
schematic of the pore shape and oxide wall shape development [ 37 ]       
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   In addition to FIB-guided anodization method there is another approach to use FIB 
for fabrication of PAA with single or nanopore arrays. The method is based on the pore 
opening from the bottom side of PAA by FIB milling and presented in Fig.  1.7  [ 38 ]. 
To obtain a single nanopore opening on PAA the ion beam milling is done at the 
 central part of a single hexagonal PAA cell using a 30 keV Ga +  focused beam and very 
low beam current of 1.5 pA for a period of 5 s. A single pore with a diameter that 
 corresponds to the diameter of an internal pore structure is obtained and presented in 
an SEM image in Fig.  1.7g . The pore was opened by removing the barrier oxide layer 
from a single PAA cell. The milling of this smallest pore opening is more delicate 
because very fi ne adjustments of position and ion beam are required to accomplish 
milling in exactly the middle of the PAA cell. It was demonstrated that the FIB milling 
can be successfully used for controlled removal of the oxide barrier fi lm and pore 
opening of PAA to form a single nanopore or nanopore arrays.

1.4.4        Fabrication of Specifi c Micro- and Nanostructures 

 FIB-based fabrication methods were successfully used in recent years for preparation 
of numerous morphologies and forms from different materials including metal 
sheets, fi bers, powders, and fi lms. The FIB is largely used for sample and tip prepa-
ration for TEM and AFM where two types of milling processes were applied: the 
annular milling process and the site-specifi c milling. One specifi c example is the 
fabrication of atom probe which is a smoothly tapered needle with a circular cross 
section and an end radius of 50–150 nm, Fig.  1.8  [ 39 ]. In this type of milling method, 
the sample is mounted in a copper tube and oriented towards end on to the ion beam. 
An annular mask is used to mill away the edge; the outer diameter of the mask is 

  Fig. 1.7    Schematic diagram of the concept of using focused ion beam (FIB) technique for fabrica-
tion of single nanopore and nanopore arrays using porous anodic alumina (PAA) as substrate. 
( a ,  b ) Fabrication of PAA by anodization of aluminum. ( c ) PAA substrate with exposed bottom 
surface for FIB milling. ( d ) The pore opening of PAA barrier fi lm by FIB milling. ( e ) PAA with 
opened pore and ( f ) PAA with single pore or nanopore arrays. SEM images of nanopore fabricated 
on PAA substrate by removing of barrier fi lm using FIB milling. ( g ) Single pore 50 nm fabricated 
by FIB technique with ( h ) corresponding model of the barrier fi lm removal [ 38 ]       
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chosen to be slightly larger than the maximum diameter of the sample to avoid the 
generation of multiple sharp edges with the sample. It is a multiple-step process 
with decreasing inner and outer diameters and ion currents. To maximize the mill-
ing rate, milling should be performed concentrically from the outer diameter to the 
inner diameter of the mask as the milling rate is greater on an exposed edge. This 
procedure can be completed in about 30 min. Annular milling method is useful in 
correcting wedge-shaped electropolished samples or simply re-sharpening blunt or 
previously analyzed samples [ 40 ,  41 ]. At lower ion beam energy 2–5 keV, it may 
also be used to remove contamination or surface oxide fi lms from sample surface 
and to prepare tips for scanning tunneling microscope [ 42 ].

1.4.5        Fabrication of 3-D and Complex 
Micro- and Nanostructures 

 The most attractive application of FIB technique is to fabricate complex 3-D micro- 
and nanostructures which are not possible to make by any other existing technolo-
gies [ 43 ]. The high density and uniform supply of reactive gases are commonly used 
along with FIB milling for these applications. When the sample is exposed to the 
ion beam and surface of the sample started etching, the deposition of material takes 
place with higher deposition rate than etching rate. It is also important that ion beam 
current should be lower for deposition and etching. The ion beam-induced CVD is 
introduced with the help of excited secondary electrons as well as the primary ions 
used in reaction. The principle is presented in Fig.  1.9  [ 43 ]. The ion beams itself 
produce secondary electrons at the beam point, and the ion beam CVD reactions 
take place at lower source-gas pressure levels than the pressure which is required in 
electron beam CVD processes. It is also observed that Ga +  beam ions are available 
on the surface of the structures up to 40 nm depth. A lower current beam is caused 
as low lateral growth rather than a perpendicular growth, so it helps to form an 

  Fig. 1.8    Annular milling stage of atom probe specimen preparation. The size of the annular mask 
and the ion current are decreased as shown during the annular milling procedure [ 39 ]       
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upstairs. By combining the lateral growth with the rotating beam scanning, complex 
3-D structures can be fabricated.

   In addition to the low scan, the faster FIB scanning enhances both the lateral and 
bottom growth to produce downstairs structures. It is reported that with change in 
gas pressure these two growth modes share their boundary in the same space, where 
the upstairs growth at the bottom and the downstairs growth at the higher region 
take place. The secondary electrons which are produced by the ion beam by sample 
surface decomposition enhance the lateral growth on sample. A slight shift in beam 
position causes shifts in secondary electrons and its distribution, so the growth 
moves from its place and starts from the side of the fabricated structure. The com-
bination of this lateral growth mode with shifting beam scanning provides the 
growth of 3-D structures [ 45 ]. At the same time with the continuous rotation in the 
lateral growth it is possible to achieve a rotational symmetry like a wineglass or a boll. 
Based on the growth mechanisms very complex 3-D nanostructures such as wine-
glass and coils were produced (Fig.  1.10 ) [ 44 ].

1.5         Emerging Applications of FIB Technology 

 The main applications of FIB methods based on milling, deposition, patterning, 
implementation, doping, and imaging are summarized in Scheme  1.2  [ 18 ] and 
Table  1.1 . These applications are broad and include a number of areas from 

  Fig. 1.9    Schematic 
illustration of FIB-CVD 
growth [ 43 ]       
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  Fig. 1.10    Examples of FIB-prepared three-dimensional (3-D) structures: ( a ) wineglass and 
( b ) coil [ 44 ]       

  Scheme 1.2    Classifi cation of FIB methods and their applications       
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microelectronic industry, materials, life and earth science, biology, and medicine. A 
number of researchers working in the fi eld of nanoscience and nanotechnology are 
using the FIB in their daily work as a basic fabrication or characterization tool. 
Some of the selected application examples in the life science are presented.

1.5.1        Application of FIB in Life Science 

 The FIB for imaging, cross-sectioning, and 3-D machining is a rapidly growing 
application in life science and biological research. Many of the conventional meth-
ods of sample preparation used within life sciences are directly compatible with 
investigation by the FIB. It is diffi cult to examine biological material in its natural 
state with scanning or transmission electron microscopy, because biological 

   Table 1.1    FIB technology and its application in various fi elds   

 FIB methods  Applications  Reference 

 Nanopatterning  Optoelectronics  [ 46 – 48 ] 
 Preparation of TEM samples  Geosciences/mineralogy  [ 49 – 52 ] 
 Metal grain boundary examination  Metal research  [ 53 – 57 ] 
 Device fabrication  Semiconductors  [ 58 – 61 ] 
 Imaging and sample preparation  Life science  [ 62 – 66 ] 
 Sample analysis  Secondary ion mass spectrometry  [ 12 ,  67 ,  68 ] 
 Fabrication of nanopores  Nanopore biosensing  [ 69 – 71 ] 
 Sample preparations  AFM, TEM sample  [ 72 – 74 ] 
 Patterning and nanostructure growth  Nanowire fabrication  [ 75 – 78 ] 

  Fig. 1.11    ( a ) Pollen grains shown by SE imaging with the FIB. ( b ) Cross section by the ion beam 
(FEI Company)       
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samples are not compatible with high vacuum. To overcome this problem there are 
few techniques which can maintain the original state of the sample in such condi-
tions. The chemical fi xing, drying, and cryogenic preparation such as high-pressure 
freezing are generally being used for biological sample preparation. Some of these 
samples are robust enough to be used directly in the FIB for site-specifi c investiga-
tion. Specimens with hard cell walls such as plants or with an outer skeleton of 
insects can be applied in the FIB without any sample preparation. The imaging of 
pollen structure which includes external and cross-sectional imaging after FIB 
cross- sectioning is shown in Fig.  1.11 . A stamen was removed from fl ower and pol-
len tapped onto double-sided carbon tape loaded in the chamber, cross-sectioned, 
and imaged by FIB. The same method is used for many other biological samples 
(algae, leaves, tissues, etc.) showing the capability of this method for direct and in 
situ examination of internal structures of biological samples.

1.6         Conclusion 

 The FIB technology has shown tremendous development in last decade with exten-
sive spread of applications in many areas from microelectronic industry, materials, 
life and earth science, biology, and medicine. This was possible because the FIB 
technology adopted the developments from all the previous advances in related 
fi elds like fi eld emission, charged particle optics, and applied material science. The 
optimization of specifi c gallium-based FIB instrument, together with innovative 
patterning and milling process, was a key progress in these developments. All these 
advancements make FIB currently the most powerful tool for characterization and 
fabrication in modern laboratories and for small-scale post-processing or prototype 
fabrications. The nanofabrication by FIB has been mainly based on the functions of 
milling, depositing, implanting, and imaging. Specially combination of FIB and 
CVD has recently become to be attractive for fabrication of complex 3-D micro- 
and nanoscale structures. The FIB technique is now well established for the diverse 
nanotechnological applications especially with the aim to explore “bottom-up” 
approach and use for fabrication of advanced materials and devices. The technique 
is of major interest for future applications to nano-electronics, nanomagnetism, 
spin-electronics, nano-optics, and biosensing. However, still there are some obsta-
cles to address the limitations of physical and chemical phenomena in having struc-
tural stability, especially in milling mode due to its inherent error and material 
redeposition. The FIB technique, as one of the most powerful nanofabrication tech-
nologies, is expected to lead to numerous new breakthroughs and applications in 
nanotechnology research in the coming decade.     
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Abstract In this chapter we explore the possibilities offered by focused ion beam 
milling to fabricate epitaxial islands out of bismuth ferrite thin films. Three pro-
cesses are described: first one consisting of high-energy direct milling of a film 
followed by annealing procedures, a second one of high-energy milling of a film 
coated with a sacrificial layer which is removed successively, and a third one of low- 
energy milling of a film previously structured with sacrificial layer islands. 
Ferroelectric properties of the obtained structures have been investigated at a 
nanoscale level by piezoresponse force microscopy, in order to evaluate the impact 
of fabrication-induced damages on the functional properties. Structures produced 
by direct milling display ferroelectricity only after a post-fabrication annealing pro-
cedure, exhibiting polarization pinning only for structures with lateral sizes 
<500 nm. Detailed investigations have revealed occurrence of pinning and/or high 
imprint in an area within 100 nm distance from the structure edges, independently 
of the structure size. On the contrary, 250 nm large islands produced by milling 
through a sacrificial layer and over the structured sacrificial layer display ferroelec-
tricity, without diminution of functional properties. Hence we conclude that focused 
ion beam milling is a viable technique for fabrication of ferroelectric structures, in 
particular bismuth ferrite nanoislands.
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2.1  Introduction

Ferroelectrics are materials displaying spontaneous dielectric polarization, the 
direction of which can be reversed upon application of an external electric field [1, 2]. 
Due to the wide range of properties they display, they are currently used in normal 
life applications, as constitutive elements for transducers and actuators, sensors, and 
memory devices [3, 4].

In the past few years BiFeO3 (BFO) has attracted wide attention, being one of the 
few materials that is multiferroic at room temperature (TC ~ 1,100 K and TN ~ 650 K) 
[5]. Its ferroelectric polarization lies along the diagonal of the unit cell ([111]pseudocubic), 
giving therefore eight possible polarization directions [6]. It is a G-type antiferro-
magnet [7], and in thin films the magnetic easy plane is orthogonal to the polarization 
vector [8]. It has been demonstrated that rotating the polarization yields rotation of the 
magnetic planes [8–10], which gives the possibility for application in magnetoelectric 
devices. As well, the high remnant polarization value (Pr ~ 100 μC/cm2) [5] makes it 
suitable as an active material in memory applications [4].

The need of miniaturization in current applications requires improvement of fab-
rication methods and a deeper understanding of the influence of size reduction on 
the functional properties. Ferroelectrics in the form of thin films have been widely 
studied, and it has been shown that the limit for preserving functional properties can 
be pushed down to few nanometers in 2D structures [11]. The most common con-
figuration in which ferroelectrics are used in applications is in the form of capaci-
tors, with the ferroelectric material sandwiched between electrodes. For such reason 
extensive studies have been performed on top electrodes deposited on ferroelectric 
thin films, examining in detail nucleation process during switching procedure [12, 
13], retention [14], and local switching characteristics [15]. In particular it has been 
shown that the reduction in size of the electrode leads to different nucleation pro-
cesses [16]. Additionally it has been shown that in view of memory application, the 
increase in areal density of top electrodes leads to the detrimental effect of cross talk 
during writing procedure [17]. Therefore, it is mandatory to use and understand the 
functional properties of ferroelectric nanoislands.

Focused ion beam (FIB) milling has been employed over the last two decades to 
fabricate nanostructures in a number of ferroelectric materials, such as 
PbNb0.04Zr0.28Ti0.68O3 [18–20], BaTiO3 (BTO) [21–26], PbZr0.3Ti0.7O3 [26], and 
PbZr0.2Ti0.8O3 (PZT) [20, 28]. The investigations on such structures provided experi-
mental evidence of piezo-activity enhancement due to release of clamping from the 
surrounding material [29], insight into the dynamics of nanoscale polarization 
domains [26, 28], and understanding of the scaling of domain size with lateral 
dimension reduction [21, 25].

However, the process of FIB milling itself, involving high-energy ion sputtering 
material, gives rise to ion implantation and crystal amorphization. Such damages 
have been thoroughly investigated, and strategies have been devised for recovering 
the functional properties after the milling process.
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Stanishevsky et al. [19, 20] analyzed the impact of FIB fabrication on the properties 
of PZT islands observing significant modifications due to oxygen and lead loss and 
gallium implantation. A thermal annealing at 600 °C in O2 atmosphere partially 
recovered the properties of the fabricated structure. Still a 5–10 nm sidewall dam-
aged layer was present, which affected the functionality of 100 nm islands.

A more elaborated procedure was introduced by Schilling et al. [30] for nano-
structuring BTO.

They showed that a simple annealing procedure would lead to the presence of 
gallium platelets on the surface of the structured material. In order to avoid that, 
they performed annealing in vacuum in order to avoid oxidation of the desorbed 
gallium, followed by plasma cleaning to further remove contaminations.

Annealing in oxygen was performed next in order to compensate possible oxy-
gen loss during the previous procedure. This process led to lamellas with healed 
damages and absence of gallium platelets.

A different approach for PZT was suggested by Hambe et al. [27], namely, using 
a protective layer of photoresist during milling, to be removed by chemical etching. 
The resulting structures possessed ferroelectric properties up to the edges, still 
experiencing a 10–20 nm damaged layer at the sidewalls.

An alternative way to obtain nanostructures was proposed by Remiens et al. [31], 
by milling amorphous PZT and then crystallizing the obtained islands by annealing. 
Structures fabricated by milling the crystallized material showed no piezoelectric 
response, while the ones obtained by Remiens’ method display ferroelectricity.

BFO machining by FIB has been reported by Hong et al. [32]. Piezoelectric 
response of the obtained structures was not free from artifacts. Moreover, switching 
curves displayed no clear polarization reversal; therefore, no presence of ferroelectric-
ity could be proved. As well, a single annealing procedure improved only slightly the 
piezoelectric signal from the structures, without any proof of polarization switching.

In this chapter we suggest possible procedures to use FIB to fabricate ferroelec-
tric structures out of epitaxial BFO thin films. Especially we show the impact of 
fabrication-induced defects on the functional properties of the obtained islands, 
investigated at the nanoscale level by piezoresponse force microscopy (PFM). In 
particular we demonstrate, by use of spatially resolved PFM investigations, the det-
rimental effect of a direct milling on the properties of the islands at their edges, 
which limits the minimal size for which the structures display switchable polariza-
tion. We suggest an alternative strategy involving milling through a sacrificial layer, 
which reduces greatly the impact of fabrication-induced damages and gives the pos-
sibility to reduce the size of islands displaying ferroelectricity.

2.1.1  Piezoresponse Force Microscopy

PFM has been developed starting in the early 1990s [33] following the need of 
nondestructive nanoscale characterization of piezoelectric and ferroelectric mate-
rials. It emerged soon as the technique of choice for nanoscale investigation of 
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ferroelectrics [34–36]. Later it evolved along with the increasing utilization of 
ferroelectrics for miniaturized systems and memories [37–45].

PFM is an atomic force microscope (AFM)-based technique, and its operating 
principle relies on the converse piezoelectric effect, by which a piezoelectric mate-
rial changes its dimension under an applied external electric field. An alternated 
electric field is generated through the material by applying a bias (modulation bias) 
to the AFM tip in contact with it (and acting as a movable top electrode), while the 
sample is grounded. Such field induces the sample to vibrate, and such vibration 
(detected by the AFM photodetector) is extracted via lock-in techniques. The ampli-
tude of the vibration (PR amplitude) is proportional to the piezoelectric coefficient 
normal to the surface (dzz) and the amplitude of the modulation bias (VAC), while the 
phase offset with the modulation frequency (Φ, PR phase) gives information on the 
direction of the polarization’s out-of-plane component. The combined signal called 
piezoresponse (PR) can be expressed as

 
PR AC= ( )d Vzz cos F

 

so that PR is proportional to the PR amplitude and positive or negative depending 
on the polarization direction in the volume underneath the AFM tip. In this way the 
polarization domain configuration can be investigated at the nanoscale by monitor-
ing the PR phase. Additionally, ramping up the modulation bias and detecting the 
PR amplitude, the slope of the obtained curve gives a quantitative evaluation of the 
piezoelectric coefficient [46].

The above-described procedure, which gives information on the out-of-plane 
component of polarization, is named vertical PFM (VPFM). In the same way, by 
detecting the lateral vibration of the sample, the in-plane components are explored, 
and such procedure is commonly known as lateral PFM (LPFM).

A way to investigate the switching behavior of the polarization in the material 
under investigation is offered by PFM, in the form of acquiring piezo-hysteresis 
loops [46]. They are obtained by sweeping up and down an applied DC bias super-
imposed to the modulation voltage, performed in “in-field” mode, i.e., acquiring the 
piezoresponse while the DC bias is applied, or in “remnant” mode, i.e., acquiring 
the data while the DC bias is set to null. A change in PR phase of 180° indicates 
polarization switching, allowing the determination of the polarization switching 
bias for the material.

A recent development of PFM is the so-called switching spectroscopy piezore-
sponse force microscopy (SS-PFM) [47], by which the switching properties can be 
spatially resolved, thus mapping locally the relevant ferroelectric properties. 
SS-PFM consists in a series of piezo-hysteresis acquired on an array of points. 
Given the amount of acquired data, this procedure usually employs an automated 
procedure to fit the curves and extracts the characteristic data, such as switching and 
nucleation biases, imprint, and work of switching [48].
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2.2  Direct Milling

The fabrication method which will be named for simplicity, “direct milling” 
(Fig. 2.1), consists of material removal from a bare BFO epitaxial thin film in order 
to obtain the desired structures [49]. This is done by milling grooves around the 
structures to isolate them from the rest of the BFO film. We employed ion beam 
with energy of 30 kV and currents between 1.5 and 28 pA, yielding ion doses of 
about 1 × 1017 ion/cm2. The ion milling process is carried on until a change in con-
trast in the SEM imaging gives evidence of the passage from an insulating material 
to a conductive one, meaning that the BFO layer is fully removed exposing the 
underneath electrode. Round and square structures with size ranging from 250 nm 
to 5 μm were fabricated. As it will be discussed later, a two-step post-fabrication 
annealing was performed: first vacuum annealing at 300 °C and 10−5 mbar, followed 
by annealing in O2 atmosphere at 500 °C.

PFM imaging performed on as-fabricated structures showed degradation of 
piezoelectric properties, with reduced or absent piezoresponse (Fig. 2.2). Such 
effect can be attributed to Ga ion implantation and backscattering together with 
material amorphization and redeposition. Its influence on the functional properties 
extends to about 1 μm away from the milled grooves, therefore inhibiting any 
 ferroelectricity in structures with lateral size <2 μm.

BFO
SRO

Substrate

FIB

BFO
SRO

Substrate

BFO
SRO

Substrate

Annealing stepsa b c

Fig. 2.1 Schematic of the “direct milling” fabrication procedure. (a) After FIB patterning, 
(b) structures are obtained. (c) Thermal treatments aim at the recovery of oxygen content and 
crystallinity of the structures

Fig. 2.2 Topography, VPFM phase, and LPFM phase (left to right) of an as-fabricated structure 
(500 nm diameter). Piezoactivity is absent in the structure and the surrounding region
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For this reason, as performed also by other groups on different ferroelectric 
materials processed by FIB [20, 27, 32], thermal treatment procedures were consid-
ered in order to desorb the implanted ions and recrystallize the amorphized 
material.

Following the approach suggested by Hong [32], a sample with fabricated struc-
tures was annealed at 600 °C in oxygen atmosphere. Successive investigations 
showed recovery of piezoresponse up to the edges of the structures (Fig. 2.3). 
However, topographic imaging shows that the surface of the film after annealing is 
covered by particles of about 100 nm in size. Such particles do not inhibit piezoelec-
tricity but, especially for the smaller structures (~250 nm size), hinder the access to 
measuring the structures, since they tend to clog in the milled grooves. Moreover for 
the smaller structures they can represent a problem for the interpretation of the 
piezoresponse signal, since they can lead to topographic cross talk. It is supposed 
that these particles may be gallium oxide [30], which is formed by the desorbing 
gallium and oxidizing it during annealing in oxygen atmosphere.

In order to avoid the presence of particles, a more elaborated approach has been 
performed on a structured sample. As suggested in [30], an intermediate step was 
introduced, consisting of annealing in vacuum at a lower temperature (300 °C, 
10−5 mbar). Such step would ideally lead to Ga desorbtion and avoid the Ga to 
recombine and deposit on the surface. Subsequently, annealing in oxygen (500 °C) 
was performed in order to replete oxygen after the annealing in vacuum and to 
 further repair amorphized material.

Fig. 2.3 Topography, VPFM phase, and LPFM phase (left to right) of FIB-fabricated structures 
after annealing in oxygen at 600 °C. In (a) part of a 5 × 5 μm2 square structure is shown, while 
(b) exhibits a round structure with diameter 500 nm (adapted from Ref. 49)
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PFM imaging demonstrates the effectiveness of this treatment (Fig. 2.4): 
 well-defined structures, no particles, and piezoresponse exhibited up to the edges 
of the structures, with magnitude of PR amplitude as high as the one of the parent 
BFO film.

Once proved that the piezoelectricity was recovered in the islands, in order to 
check the occurrence of ferroelectric switching, we acquired piezo-hysteresis 
curves, in the middle of the structures of different sizes. As can be observed in 
Fig. 2.5, the polarization is switchable for structures with lateral size down to 
500 nm, therefore proving recovery of ferroelectricity. However, in the smallest 
structures (~250 nm), although the piezoresponse amplitude was still as high as in 
the parent BFO film, no switching was observed, independent of the applied bias, 
indicating polarization pinning. This may be due to the fact that in all structures 

Fig. 2.4 Topography, VPFM phase, and LPFM phase (left to right) of FIB-fabricated structures 
after two-step annealing: (a) 1 × 1 μm2 square structure, (b) round structure 1 μm in diameter, 
(c) 250 × 250 nm square structure
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certain volume close to the edges was expected to be rich in defects [27], which 
eventually pin the polarization. In the case of the smallest structures the ratio of 
pinned polarization volume to total volume is big enough to show pinning through-
out all the structure [45].

In order to understand the impact of such defects on the functional properties, 
retention loss experiments were performed. Retention loss is a problem to face and 
avoid when utilizing ferroelectrics in memory devices. It has been investigated for 
various materials in the form of thin films [42]. The operation consists of switching 
uniformly the polarization over an area of the sample, in the way a bit of informa-
tion would be written, by applying a voltage high enough to overcome the coercive 
voltage and subsequently monitoring the stability of the switched polarization in 
time. By PFM such operation can be conducted at a nanoscale level, and in this case 
it allows the monitoring of the retention loss of a single nanostructure by imaging 
the VPFM phase.

Figure 2.6 displays the VPFM-phase images taken immediately after switching 
and then after several hours and more than a day. From the images acquired right 
after switching we can observe that, irrespective of structure size, some areas at the 
edges did not switch (dark contrast), therefore supporting the hypothesis of pres-
ence of defects pinning the polarization. Observation of polarization domain evolu-
tion in time shows that a rapid back-switching phenomenon takes place starting at 

Fig. 2.5 Local remanent piezo-hysteresis loops as resulting from measurements of the VPFM 
phase on round structures of different size (reported in figure), after two-step annealing (adapted 
from Ref. 49)
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the edges and continuing for few hours. Further monitoring shows no change in 
domain configuration, meaning that the back-switching phenomenon comes to a 
halt, as observed in the images acquired after several days. Closer image analysis 
shows that such phenomenon is limited to areas within 100 nm from the edges for 
structures of all the investigated sizes.

To have a clear view of the retention loss evolution, in Fig. 2.7 the percentage of 
switched (stable) polarization domain area is plotted versus time, comparing the 
behavior of structures of different sizes and of the parent BFO film itself. It is clear 
that a fast back-switching takes place, which halts after few hours, to get stable until 
the domains are monitored. The percentage of back-switched area decreases with 
increasing structure size, since the distance from the edges for all the back-switched 
areas is roughly the same, independent of the structure size.

It can be inferred that the fabrication produces defects, which extend in the struc-
tures about 100 nm from the edges and which can lead to charge-trapping. Such 
phenomenon would be the cause of pinning (non-switchable areas) and imprint 
(fast back-switching areas). Imprint is the phenomenon by which one direction of 
polarization is energetically favorable, and therefore the reversal to the inverse 
direction would yield a metastable configuration. In the case of the structures under 
investigation, the original vertical polarization state points inward the structure 
(dark contrast in Fig. 2.4). By effect of imprint, after switching to polarization upward 

Fig. 2.6 Evolution of retention loss by screening vertical PFM phase in (a, b, c) 5 μm and (d, e, f) 
500 nm lateral size structures fabricated by direct FIB. (a) and (d) show the domain configuration 
after switching, (b) and (e) after few hours, and (c) and (f) after more than 1 day
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(bright contrast in Fig. 2.6a, d) the areas at the edges experience a metastable state 
of polarization, which eventually returns to the original configuration (Fig. 2.6c, 
dark contrast).

As described in the introduction, PFM offers a way to obtain spatially resolved 
mapping of the polarization switching characteristics, technique known as SS-PFM. 
Here we use such a procedure to obtain information about the evolution of imprint 
in relation to the distance from the edges.

We performed such an experiment through a 1 μm island, with distance between 
each measured point of 30 nm, which allowed enough lateral resolution to map the 
decaying of functional properties. This spacing was also larger than the tip radius of 
curvature, which is the uppermost limit for lateral resolution in PFM. By extracting 
the positive and negative switching voltages from each curve via a fitting function, 
it was possible to calculate the imprint values and map them versus distance, along 
with the topographic height data, as shown in Fig. 2.8a. Given the fact that the scan 
was performed across a structure and adjacent grooves, the curves acquired on the 
latter did not exhibit any ferroelectric behavior. This was reflected in the extracted 
values in the form of unreasonable magnitudes, i.e., values out of the DC voltage 
range over which the measurement was performed, or negative coercive bias value 
larger than the positive one. In order to distinguish real imprint values from ficti-
tious ones, the latter were replaced by an assigned negative number, which would be 
clearly discernible from actual values.

By considering the obtained results (Fig. 2.8a), it is evident how the imprint 
value is rather constant over the surface of the island and decreases with approach-
ing the edges. The last three hysteresis measured on the structure surface and the 

Fig. 2.7 Switched area versus time for structures with different sizes, normalized to the area with 
polarization upwards after switching
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first one in the groove are reported in Fig. 2.8b, by which the shifting towards 
 negative values while approaching the edge is more evident.

By considering that the step between points is 30 nm, the area affected by stron-
ger imprint can be evaluated to be at a distance of about 90–120 nm from the edges. 
Such measurement agrees with the back-switched area distance of 100 nm obtained 
by retention loss measurements and explains that phenomenon. As well, the exag-
gerated imprint value at the very edge explains the presence of non-switched areas 
immediately after writing procedure, which would back-switch right after the 
applied voltage is removed.

In order to estimate the actual extent of high-energy FIB-induced damage at the 
sidewalls of the structures, stopping and range of ions in material (SRIM) simula-
tions [50] were performed. The results show that the lateral distance at which Ga 
penetration and amorphization of the material occur extends up to 80.4 nm from the 
point of impact. Considering the assumptions on which SRIM is based, such result 
is in agreement with the experimental data.

In conclusion, the fabrication procedure named “direct milling” proves to be 
effective in producing ferroelectric structures down to 500 nm in lateral size, while 
in smaller structures the polarization is pinned.

We showed, by a combination of PFM investigations, that the pinning in the 
smaller structure is correlated with the fact that an area within 100 nm from the 
edges displays reduction of functional properties even after annealing treatments.

2.3  Sacrificial Layer Milling

Given the drawback of the “direct milling” method, a second method involving a 
sacrificial layer was designed with the aim to reduce the fabrication-induced 
defects and thus be able to reduce the size of FIB-fabricated BFO islands retaining 
 ferroelectric properties.
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Fig. 2.8 (a) Ferroelectric imprint (open symbols) and topography (line) scan line through a struc-
ture with 1 μm lateral size obtained by direct FIB, and (b) in-field hysteresis loops acquired near 
the edge, from which the imprint values (marked by letters) were extracted
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A layer of few nanometers of aluminum was evaporated over the bare surface of 
an epitaxial BFO thin film (Fig. 2.9a). Al was chosen based on SRIM simulations 
[50], being the material that scatters less the Ga ions and thus reducing the possibil-
ity of scattering towards the area which will be the surface of the milled structures. 
The FIB procedure was carried out in the same way as for the “direct milling,” until 
the bottom electrode (i.e., a SrRuO3 layer) was reached, and ultimately obtaining 
islands of BFO covered by an Al layer (Fig. 2.9b). The top Al layer was then 
removed by chemical wet etching in a 10 % solution of KOH, lastly resulting in bare 
BFO islands (Fig. 2.9c). No annealing process was needed anymore, as it will be 
discussed in the following.

PFM imaging on the fabricated islands right after sacrificial layer removal is 
shown in Fig. 2.10. The piezoresponse was measurable up to the edges of the struc-
tures and had a magnitude as high as in the parent film, without requiring any post- 
fabrication annealing procedures. Evidently the debris of sputtered material 
redeposited, and the backscattered Ga ions during fabrication are collected onto and 
into the sacrificial layer present over the BFO film. Final removal of the sacrificial 
layer after FIB, by chemical etching, gets rid of the contaminants.

The functionality of the islands was checked by performing piezo-hysteresis 
loops on all fabricated islands (Fig. 2.11), with the result that even in 250 nm struc-
tures produced by the aid of sacrificial layer the vertical polarization is switchable. 
Eventually the presence of a mask during fabrication reduces enough the sidewall 
implantation and amorphization, so that ferroelectricity is preserved and imprint not 
present.

Analysis of retention loss on structures obtained by direct FIB gave information 
about the extent of the area affected by degradation of functional properties. For 
such reason, retention loss was monitored over the sacrificial-layer-method-made 
structures. In Fig. 2.12 the VPFM-phase images of a 1 μm island are displayed at 
different times after polarization reversal was performed to switch the polarization 
upwards. First of all it can be seen that the switching occurs throughout all the 
structure area (Fig. 2.12a). Secondly it can be seen that the back-switching takes 
place with a moderate speed, with less than 5 % of polarization upwards area lost 
after few hours (Fig. 2.12b) and still very little through several days (Fig. 2.12c). In 
particular, the PFM imaging highlights that the back-switching nucleates at ran-
dom spots over the structure surface, as it usually happens in BFO thin films. 
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Wet etchinga b c

Fig. 2.9 Schematic of the fabrication procedure through sacrificial layer. (a) After FIB patterning, 
(b) structures capped by sacrificial layer are obtained. (c) Sacrificial layer is finally removed by 
chemical etching
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Therefore it can be assumed that fabrication defects have no influence on the 
functional properties, not even in proximity of the edges.

The above-discussed results led us to suppose that in this case switching charac-
teristics remain unaffected by the fabrication process. To confirm that, SS-PFM 
measurements with 30 nm distance step were performed on a 1 μm island in order 
to obtain spatially resolved imprint mapping. As seen in Fig. 2.13a, b the imprint 
value stays constant until the edges of the structures are reached, after which the 
curves lose ferroelectric signature (Fig. 2.13b). Therefore it is evident that if defects 
are present at the sidewalls, they affect minimally the ferroelectric imprint, and as a 
consequence production of BFO nanostructures retaining ferroelectricity is possible 
with such procedure.

Fig. 2.10 Topography, VPFM phase, and LPFM phase (left to right) of structures fabricated with 
the aid of a sacrificial layer: (a) 1 × 1 μm2 square structure, (b) round structure 1 μm in diameter, 
(c) 250 × 250 nm square structure
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2.4  Mask-Assisted FIB Milling

As demonstrated in the previous section, employment of a protective layer during 
milling is beneficial for the preservation of functional properties in FIB-fabricated 
structures. In fact such layer collects the debris which is represented by redeposited 
material and backscattered ions naturally occurring during milling.

Fig. 2.11 Local remanent piezo-hysteresis loops as resulting from measurements of the VPFM 
phase on round structures of different sizes (reported in figure), after removal of the sacrificial 
layer

Fig. 2.12 Evolution of retention loss by screening vertical PFM phase in 1 μm lateral size structure 
fabricated by FIB milling through a sacrificial layer. (a) shows the domain configuration immedi-
ately after switching, (b) after few hours, and (c) after more than 1 day
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Though it was shown that such expedient resulted in ferroelectric islands down 
to 250 nm in lateral dimension, it is known [20, 27] that anyway a layer of amor-
phous material is present at the edges of the fabricated islands, which would be criti-
cal with the downscaling of the size.

One way to decrease the extent of damage is to reduce the beam energy, so that 
implantation and amorphization would be more confined, with decrease in damage 
extent from 80.4 nm for high-energy FIB to 30.6 nm for 5 keV accelerating voltage 
predicted by SRIM simulations. However, reduction of FIB energy leads also to a 
loss of patterning resolution by direct writing, since the beam diameter increases 
from 7 nm at 30 keV to more than 100 nm at low energies, therefore inducing size 
limitation for production of well-defined structures.

A solution to such inconvenience is represented by patterning a protective sacri-
ficial layer over the surface to be structured and successively proceeding with low- 
energy milling. In this way the material is removed where the layer is not present, 
therefore producing defined islands without utilization of high-energy beam [51].

We used for this purpose aluminum stencil masks, through which Al was evapo-
rated on the sample to be structured (Fig. 2.14a). Stencil masks are currently used 
for production of ferroelectric islands directly by growth techniques [52], but in the 
case of BiFeO3 the process would be difficult to tackle, given the complexity of 
BFO-phase diagram [53]. The evaporation through a mask with aperture diameter 
of 400 nm resulted in Al islands with a base diameter of 500 nm and a width at half 
height of 250 nm.

After removal of the mask (Fig. 2.14b), FIB milling (5 keV accelerating voltage, 
1.6 pA current) of an area of the sample covered by Al array leads to BFO islands 
capped with Al (Fig. 2.14c). The removal of the Al capping, as for the previous 
fabrication method, is obtained by chemical etching, yielding freestanding BFO 
islands (Fig. 2.14d).
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Fig. 2.13 (a) Ferroelectric imprint (open symbols) and topography (line) scan line through a struc-
ture with 1 μm lateral size obtained by milling through an aluminum sacrificial layer, and (b) in-
field hysteresis loops acquired near the edge, from which the imprint values (marked by letters) 
were extracted
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The investigations on the produced islands showed distinct piezoresponse on the 
top surface of the islands. Figure 2.15a shows the 5 × 5 μm2 over which the beam 
was scanned until the bottom electrode was exposed, after Al removal. The islands 
display a well-defined circular shape, with approximate diameter of 250 nm 
(Fig. 2.15a, d). The polarization domain configuration resembles the one of the par-
ent film, with predominance of out-of-plane polarization component pointing 

a bStencil mask

Al

Stencil lift off
Ga+ FIB Al etching

BFO
SRO

Substrate

c d

Fig. 2.14 Schematic diagram of the procedure performed in order to fabricate BFO nanostruc-
tures. (a) Al evaporation through stencil mask over the BFO; (b) mask lift-off resulting in an array 
of Al dots on the film; (c) ion beam milling, yielding BFO islands capped with Al; (d) Al chemical 
etching resulting in BFO nanoislands

a b c

d

Fig. 2.15 PFM imaging of the array of BFO islands obtained by mask-assisted method: (a) topog-
raphy, (b) VPFM phase, and (c) LPFM phase. (d) Topographic profile (line and symbol) as indi-
cated in (a) and corresponding VPFM amplitude profile (line)
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downwards (Fig. 2.15b, c). As for islands produced by the methods previously 
described, the piezoresponse is preserved, but their topographic shape is better 
defined,  displaying a flat top surface.

Preservation of ferroelectric properties is proved by piezo-hysteresis experi-
ments (Fig. 2.16a) showing switchable polarization and therefore preservation of 
ferroelectric characteristics. Comparison with the behavior of the parent film 
(Fig. 2.16a) demonstrates that coercive bias and imprint are not strongly affected by 
the fabrication process. Moreover, piezoelectric coefficient extrapolation 
(Fig. 2.16b) gives a value (dzz ~ 30 pm/V) higher than the one recorded for the parent 
film, a fact possibly deriving from the release of constraint from the surrounding 
material [29].

In order to check indirectly the homogeneity in the imprint behavior over the 
islands, and to prove the basic idea of possible employment for memory devices, the 
retention loss of the islands was tested. Switching the polarization upwards did not 
occur uniformly over the island (Fig. 2.17b), with small areas of the structure dis-
playing polarization downward. Although this occurrence in structures produced by 

a b

Fig. 2.16 (a) In-field piezo-hysteresis loop of VPFM phase and (b) piezoelectric coefficient 
extrapolation as acquired over the parent film (squares) and over an island obtained by mask- 
assisted method (triangles)

Fig. 2.17 Retention measurements on an island: (a) topography and VPFM phase (b) after switch-
ing and (c) 3 days later. Reprinted with permission from Ref. 51. © 2013, AIP Publishing LLC
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direct FIB is accompanied by fast back-switching from the pinned regions, in this 
case the propagation of back-switching is very slow, leading to a loss of less than 
5 % after 3 days (Fig. 2.17c).

Therefore we can conclude that this latter fabrication method produces defect- 
free islands, preserving all the ferroelectricity without encountering any of the 
drawbacks experienced with previous methods. Moreover, the limit for the lateral 
size reduction is represented exclusively by the Al island size, which can be down-
scaled by employing finer masks (such as aluminum anodic oxide masks) [54], and 
therefore we can assume that production of sub-100 nm islands by FIB will be 
possible.

2.5  Conclusion

In conclusion we presented a detailed study of ferroelectric bismuth ferrite epitaxial 
structures fabricated by FIB employing different procedures. By means of a combi-
nation of PFM investigations, we were able to analyze the impact of fabrication- 
induced damages on the functional properties. The cause of polarization pinning in 
smaller structures in the presence of damages was elucidated. It was shown that 
defects were localized at the structure sidewalls and led to local enhancement of 
polarization imprint, with all the deriving consequences, such as fast retention loss 
and pinning in smaller structures. We devised different procedures involving a sac-
rificial protective layer and mask-assisted fabrication. Characterization of the prop-
erties of the produced structures showed that no degradation of ferroelectric 
properties occurred, implying that the lateral size limit of BFO islands retaining 
ferroelectricity produced by FIB can be pushed down to tens of nanometers in the 
near future.

Our investigations pave the way to successful FIB nanostructuring of ferroelec-
tric and multiferroic materials.
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    Abstract     Techniques for the fabrication of one-dimensional or quasi-one- 
dimensional nanowires as well as to enable studies of the compositional, structural, 
and electrical properties of freestanding individual nanoobjects are of great impor-
tance, for instance, to observe quantum size effects and build quantum information 
devices. In this chapter, a technique of low-current focused ion beam (FIB) milling 
for two kinds of applications, namely, the selective felling of freestanding nanoob-
jects in a well-controllable way and the size reduction of both lateral and freestand-
ing tungsten composite nanostructures, is presented. To fell a freestanding 
nanoobject, parameters such as the angle of the incident ion beam with respect to 
the nanoobject long axis, the cutting point, and the ion beam current were carefully 
chosen for controllable felling. To thin a nanoobject, different exposure times and 
ion beam currents were used to control the fi nal size, thinning rate, and accuracy of 
a group of nanowires, or an individual nanowire, or even a portion of a nanowire by 
site- specifi c milling. After felling or thinning with low-current ion beam, no obvi-
ous structural and electrical property changes were observed for nanoobject grown 
with FIB-induced deposition. These results suggest that FIB milling is applicable in 
felling freestanding nanoobjects for the investigation of the properties of selected 
individuals, and it is also a potential approach for controllable size reduction 
enabling the observation of size and quantum effects.   
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3.1         Introduction 

 Recently, with the downscaling of electronics, nanomaterials with various shapes 
have been synthesized, and their properties have been explored by several differ-
ent methods [ 1 – 7 ], with a view to building novel nanodevices and new functional 
logic circuit architectures. In particular, three-dimensional (3D) nanostructures 
and nanodevices have attracted tremendous interest in the past few years due to 
their excellent mechanical and physical properties that planar nanodevices can-
not achieve. For instance, novel optoelectronic devices [ 8 ], nanosensors [ 9 ], bio-
logical information detectors [ 10 ], plasmonics [ 11 ], and quantum devices [ 12 ] 
have all been achieved based on 3D nanostructures. However, depending on the 
shape and the distribution of nanoobjects, the characterization of structural, com-
positional, and electrical properties may not be possible for some characteriza-
tion techniques. Up to now, for the characterization of the properties of 
nanomaterials, the most popular method has been to use a blade to scratch the 
support substrate and release the nanomaterials, sonicate in ethanol for disper-
sion, and then transfer to either a transmission electron microscope grid for 
structural and compositional analysis [ 13 ] or a substrate covered with a layer of 
dielectric material such as SiO 2  for characterization of electrical and optical 
properties [ 14 ]. However, the scratch–pick–dispersion–transfer technique has 
some disadvantages, which include the following: (1) mechanical damage of the 
original shape of the target, especially for limbed and complex nanostructures; 
(2) it is time-consuming for contact fabrication; (3) it is extremely diffi cult, even 
impossible, to fi nd the target after scratching. For practical applications, of criti-
cal importance is the ability to measure the properties of an individual freestand-
ing nanoobject, to explore the size effect and quantum phenomena, and thus to 
provide feedback for improving their properties to obtain the nanomaterials 
desired for constructing high-density 3D circuits [ 15 – 17 ]. 

 Meanwhile, size effect and quantum phenomenon observation require nanomate-
rial with scalable size in nanometer and approaching the physical critical value. For 
instance, when a superconducting nanowire is reduced smaller than the Ginzburg–
Landau-phase coherence length and the magnetic penetration depth, below or near 
the superconducting transition temperature, the resistance of a 1D wire is no longer 
zero [ 18 ]. In addition, a 3D superconducting quantum interference device (SQUID), 
formed by integrating a conventional SQUID with freestanding multiple pickup 
loops, potentially could overcome the present planar SQUID limitation of only 
being able to detect the fi eld perpendicular to the substrate; however, to realize 
single-spin detection resolution, the size of the 3D superconducting pickup loop 
must be submicron, necessitating nanoscale superconducting wires [ 12 ]. 

 Thus a precise and controllable technique for high-resolution size reduction and 
releasing a freestanding nanoobject from the support substrate is clearly demanded. 
In the following sections, we describe a technique we have developed for atomic 
resolution thinning and felling of freestanding nanowires by means of low-current 
focused ion beam (FIB) milling.  
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3.2     Felling of Individual Freestanding Nanoobjects 
by FIB Milling 

3.2.1     Growth of Vertical Nanowires and Felling 
Experimental Setup 

 A commercially available SEM/FIB system utilizing a beam of 30 keV singly 
charged Ga +  ions can be used to grow and fell freestanding nanowires. As the felling 
targets, the tungsten and platinum composite nanowires can be grown by FIB- 
induced deposition using a 1 pA ion beam current with W(CO) 6  and (CH 3 ) 3 Pt(CpCH 3 ), 
respectively, as gas precursors. For vertical nanowire growth, the stage was titled so 
that the ion beam was a normal incident to the substrate surface; the gas was intro-
duced to the substrates through a nozzle, creating a local high pressure in the region 
scanned by the ion beam without substantial pressure rise in the rest of the work 
chamber. The base pressure before introducing the precursor gas was 2.4 × 10 −6  mbar, 
and during deposition the pressure was in the range of 7.4–8.3 × 10 −6  mbar. 
Deposition can be induced by irradiating one point on the substrate using spot 
mode. In that case, a straight wire is grown. Alternatively, the ion beam may be 
raster-scanned repeatedly over a rectangular area, fi rst across the area in one direc-
tion and then back in the other direction; if the scan speed in one of the dimensions 
across the wire is slow, then a zigzag profi le results. The growth details can be found 
in [ 19 ]. Figure  3.1a  shows the schematic confi guration of the relative position of the 
FIB and SEM columns, substrate, and GIS. The typical SEM images of the as- 
deposited nanowires are shown in Fig.  3.1b, c . From Fig.  3.1b, c , it can be seen that 
these wires have very smooth surface and are very uniform in size and geometry.

  Fig. 3.1    ( a ) The confi guration of FIB/SEM plus GIS used for vertical nanowire growth; ( b ) and 
( c ) SEM images of the FIB-grown as-deposited freestanding vertical and zigzag tungsten nanow-
ires, respectively       
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   Although the ion beam direction in FIB systems is generally fi xed, in order to fell 
nanoobjects, the angle of the ion beam with respect to the nanoobject can be modi-
fi ed by tilting the sample stage or using a tilt sample holder or by a combined utili-
zation of these two to offer fl exible controlling of both the cutting angle and the 
cutting position along the wire length. The experimental geometry was designed, 
and different possible arrangements are schematically shown in Fig.  3.2 . For a sys-
tem in which the angle between the electron beam column and the ion beam is  β  
(54° for Carl Ziess system and 52° for FEI systems) and the ion beam is at an angle 
of  β  from horizontal, when the stage is tilted by  β , then the ion beam is set to be 
normal to the substrate, a confi guration usually used for vertical nanorod growth (as 
in Fig.  3.2a ), or parallel to the substrate surface (as in Fig.  3.2d ) by employing a 
tilted sample holder with a facet tilt angle of 45° and tilting the stage by ( β  − 45°). 
Alternatively, felling may be carried out with the stage tilted at a different angle; for 
example, as for the Carl Ziess systems, a stage-tilt angle of 32° leads to an angle 
between the incident beam and the wire of 20° (as in Fig.  3.2b ). The maximum rela-
tive angle between the incident ion beam and the vertically grown nanoobject is 90° 
since at larger angles the ion beam is blocked by the upper edge of the substrate.

   In fact, the felling direction largely depends on the experimental geometry, which can 
be controlled by the relative position of the incident ion beam and the freestanding 
nanoobject, the direction on which the object’s weight ( W ) acts from its center of gravity 

  Fig. 3.2    Schematics of the experimental geometry illustrating the relative position of the incident 
ion beam and electron beam (  β  is the angle between these two columns), the freestanding 
nanoobject, and the direction on which the object’s weight ( W ) acts from its center of gravity and 
the substrate: ( a ) ion beam normal to substrate, the tilt angle ( θ ) of the substrate is  β  from horizontal; 
( b )  θ  <  β  and ( c )  θ  >  β  ion beam at a general angle for cutting; ( d ) using a sample holder with a tilt 
facet of 45° tilt the stage by −(90° −  β ); the ion beam is set to be normal to wire       
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and substrate. As illustrated in Fig.  3.2 ,  θ  is denoted to the tilt angle of the substrate. Note 
that the angle between the nanorod and the incident ion beam may have positive or nega-
tive sign. When  θ  <  β  as shown in Fig.  3.2b , the ion beam is at a general angle for cut-
ting, a case that the nanorod’s weight acting from its center of gravity may act  towards 
the incident ion beam; while when  θ  <  β  as shown in Fig.  3.2c , then the center of gravity 
acts to the opposite direction from the incident ion beam. In addition, when a sample 
holder with a tilt facet of 45° is used as in Fig.  3.2d , the ion beam is set to be normal to 
wire—oblique incidence for cutting with  θ  = −(90° −  β ); by using in such a geometry the 
cutting area is minimized and milling of the substrate can be virtually avoided. 

 To fell the wire with the ion beam normal incident to the long axis of the wire, a 
stage geometry as shown in Fig.  3.2d  can be used. To do this, fi rst of all, use SEM 
to locate the target wire on the sample (Fig.  3.3a ); then tilt the stage, fi nd the nanow-
ire with the FIB, and grab one image by FIB as shown in Fig.  3.3b . After that, a 1 pA 
FIB was fi rst used to scan an area of about (2–3) d  nm × (2–3) d  nm near the base of 
the nanowire for 2 min, as shown by the dotted white rectangle with  d  denoted to the 
width or the diameter of the wire. It can be seen from the SEM plan-view image 
shown in Fig.  3.3c  that the wire was felled with the tip away from the incident ion 
beam (indicated by letter T), that the wire landed less than 2 μm from its base (indi-
cated by letter B), and that the shape and size of the wire are unchanged.

3.2.2        Felling of Freestanding Nanowires for Transport 
Investigations 

 For measurements of transport properties, patterns for the electrical contacts can be 
fabricated by using electron beam lithography and/or photolithography [ 14 ] onto a 
selected individual nanowire and then metallic layers can be deposited by electron 

  Fig. 3.3    Images of vertically grown tungsten nanowires illustrating the felling process using a 1 pA ion 
beam normally incident to the wire length direction: ( a ) is an SEM image of the as- deposited nanowire 
with a viewing angle of  β  (the zigzags are in a plane parallel to the viewing direction and so are not vis-
ible); ( b ) is an FIB image of the freestanding nanowire shown in ( a ) with the ion beam normal to its 
length and parallel to the support substrate surface; ( c ) the nanowire has been felled away from the 
incident ion beam and is lying on the substrate surface close to its base, with the top downwards [ 19 ]       
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beam evaporation, thermal evaporation, or sputtering, followed by lift-off. 
 FIB- induced deposition of Pt [ 7 ,  20 ] and W [ 7 ] composites can be used to direct-write 
electrical connection and contact pads on individual nanowires. By this technique, 
patterns with resolution comparable to that made by electron beam lithography can be 
made in a single step, thus avoiding resist patterning and metal deposition processes. 

 To demonstrate the felling of freestanding nanoobjects for analysis of their elec-
trical properties, straight and zigzag tungsten nanowires were vertically grown on 
200-nm-thick gold test patterns previously deposited on a 200-nm-thick SiO 2  layer 
on a Si substrate using conventional microelectronic techniques. Figure  3.4a  is an 
SEM image of the vertically grown zigzag nanowire with a viewing angle of 54°. 
Figure  3.4b  is the experimental setup with the ion beam normal to the wire length 
through the base of the nanowire. Then a 1 pA FIB was fi rst used to scan an area of 
400 nm × 400 nm near the base of the nanowire for 2 min. It can be seen from the 
SEM plan-view image shown in Fig.  3.4c  that the shape and size of the wire are 
unchanged. After felling onto the substrate surface, FIB-induced deposition was 
used to fabricate contact pads and connectors for the measurement of electrical 

  Fig. 3.4       Felling of selected individual freestanding nanoobjects by focused ion beam milling and 
ion beam-induced deposition of electrical connections for   characterization of transport properties: 
( a ) SEM image of the as-deposited vertical tungsten nanowires; ( b ) schematic diagram of normal 
incident ion milling through the base for nanowire felling; ( c ) SEM image of the felled nanowire; 
( d ) four-terminal confi guration fabricated by FIB-CVD based on the felled nanowire; ( e ) zero-fi eld 
 I – V  characteristics at 4.26 K for the felled tungsten nanowire shown in ( d ); in the  inset  is the tem-
perature dependent resistivity of the nanowire as shown in ( d ) [ 19 ]       
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properties. Figure  3.4d  shows a typical such structure with a four-terminal confi gura-
tion. The numbers show the felled wire (1) and the tungsten connector (2) deposited 
in situ by using an ion beam current of 30 pA. Low-temperature transport measure-
ments were performed with a helium dip-probe and home-made current source and 
voltage amplifi ers. A constant current of 1.0 μA was applied to the two outer termi-
nals, and the voltage was measured between the other two terminals. A temperature-
dependent resistance measurement on a felled nanowire is shown in Fig.  3.4e . In the 
inset is the  R – T  curve for the low-temperature region, from which the superconduct-
ing transition temperature ( T  c ) was derived to be of 5.2 K. Here  T  c  is defi ned as the 
temperature at which the resistance falls to 50 % of its value at the onset of the 
transition. The room-temperature resistivity of the zigzag nanowire was calculated 
to be about 520 μΩ cm, a value similar to that of an air-bridge structure also grown 
by 1 pA ion beam current [ 19 ]. The results reveal that felling freestanding nanow-
ires using 1 pA ion beam current does not affect their intrinsic electrical properties. 
For comparison, bulk tungsten has a resistivity of 5 μΩ cm at room temperature. 
Resistivity values from about 100 to 300 μΩ cm have been reported for tungsten 
composites grown by FIB-induced deposition [ 21 – 23 ]. The variation in the resistiv-
ity of FIB-deposited materials is a consequence of the microstructure and composi-
tion difference due to the operating parameters, such as the ion beam current, dose, 
substrate material, substrate temperature, scanning speed, and gas fl ux.

   To further understand the electrical properties in FIB-deposited nanowires, 
current–voltage measurements were performed at 4.26 K. The zero-fi eld  I – V  
curve is shown in Fig.  3.4e . This shows a critical current of 23 μA, and thus 
these results demonstrate the use of FIB-CVD to direct-write superconducting 
nanostructures. Distinct linear branches can also be seen when the current is 
reduced. These features of the  I – V  curve suggest the occurrence of thermally 
activated phase slip processes as they are strongly reminiscent of the  I – V  char-
acteristics of phase-slip centers [ 24 ,  25 ]. A phase slip results from the fl uctua-
tion of the superconducting order parameter at some point along the wire and 
leads to a voltage pulse; this means that a thin superconducting wire below  T  c  
can show fi nite electrical resistance.  

3.2.3     Wire Felling Direction 

 It is well known that most freestanding objects undergo plastic deformation when 
irradiated with ion beams under proper conditions [ 26 – 30 ]. Thus to control the fell-
ing direction, conditions that could cause bending of the target must be avoided. 
Thus unless beam-induced bending of the wire is signifi cant (discussed below, in 
Sect.  3.2.4 ), and the felling direction (towards or away from the incident ion beam) 
is mainly governed by the relative position of the incident ion beam and the center 
of mass of the nanowire. 
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 For a particular freestanding nanoobject, the felling direction is closely related to 
the geometry used for felling. The geometries used to grow and fell the nanowires 
are illustrated in Fig.  3.2 . Figure  3.2a  shows the geometry used for vertical nanowire 
growth with the beam normal incident to the substrate. It was found that under con-
ditions with the beam incident obliquely on the nanowire (−36° <  θ  < 62°), as shown 
in Fig.  3.2b–d , using raster scans over an area of order 2 μm × 0.5 μm, with 1 pA beam 
current, the wires were most often felled with the tip pointing to the lower part of the 
substrate, i.e., in the same direction as the moment due to the nanoobject’s weight—
“downhill”; this could be either towards (Fig.  3.2b ) or away from (Fig.  3.2c, d ) the 
incident ion beam because varying the tilt angle of the substrate as shown in 
Fig.  3.2b–d  changes both the angle at which the ion beam is incident on the free-
standing nanoobject and the moment due to the object’s weight ( W ) about its base. 

 One advantage of felling at normal incidence (Fig.  3.2d ) is that a minimum cutting 
cross section is obtained when the ion beam used for felling is normal to the wire 
length. This geometry minimizes the milling time and also minimizes ion irradiation 
of the substrate, avoiding possible damage to the top dielectric layer of the substrate. 
For almost-normal incidence, if felling was fi nished by one run of cutting with 1 pA 
and using a rectangle area smaller than 2 μm × 0.5 μm, the nanowire was always felled 
downhill. For nanowires not cut through by one run of felling, imaging (especially 
using large (e.g., 50 pA) ion beam current) can also fell the wire towards the incident 
ion beam direction. We discovered that there is also some dependence of the felling 
direction on the details of the felling. When felling was carried out at normal inci-
dence (Fig.  3.2d ) with a larger 50 pA beam current using a single-scan over a smaller 
area, the nanowires were always observed to fall towards the beam. 

 In general, the landing position of the felled wire on the substrate is cutting posi-
tion and tilt angle dependent. The further the beam scanning area from the base of 
the wire, the more distant the landing position; however, on some occasions when 
wires were cut higher up from the base, they would tend to fall over but remain 
attached at the cutting position. This leads to the practical conclusion that the 
selected nanowire should be felled near its base. Although the felling might be 
towards or away from the direction of the incident ion beam, the landing position of 
the felled object in most cases is then close to its base. This is then easy to be relo-
cated for electrode fabrication.  

3.2.4      Investigation of Ion-Induced Wire Bending 

 Irradiation of nanomaterials and surfaces with energetic ions can result in either 
unwanted or desired changes of the morphology due to several different atomistic effects 
[ 29 ,  30 ]. The most well-known effect is that of sputtering—the removal of the irradiated 
surface atoms when the impact energy of the incident ions is transferred to them. The 
felling of freestanding nanoobjects such as described above is based on the sputtering 
effect. Another very recently reported effect caused by the beam–matter interaction is 
the bending and alignment of suspended nanoobjects with ion irradiation [ 29 ,  30 ]. 
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Figure  3.5a, b  shows the experimental setup and the defi nitions of the ion beam incident 
angle ( θ ) and the bending angle ( Φ ). Figure  3.5c  presents the bending process of the 
vertically grown nanowires when successive ion sweeping cycle was performed. The 
reasons behind the ion beam-induced plastic deformation are complex and mainly can 
be governed by factors such as (1) the geometry, size, thermal expansion coeffi cient, 
Young’s modulus, and crystalline properties of the freestanding nanoobjects; (2) the 
electrical and thermal conductivity of the support substrate; and (3) the ion irradiation 
conditions, which include the ion beam energy, incident angle, ion beam current, and ion 
beam scanning strategy [ 29 ,  30 ]. All these factors compete against or combine with each 
other to cause the freestanding nanoobject to bend away from or towards the incident ion 
beam and with component normal to the beam incident direction.

  Fig. 3.5    ( a ,  b ) The schematic diagram for the geometry of ion beam-induced bending; ( c ) SEM 
images showing the bending process of vertically grown tungsten composite nanowires; ( d – f ) fell-
ing of tungsten nanowire irradiated with a 30 pA ion beam oblique incidence to the wire length 
direction ( θ  = 60°): with ( d ) showing an SEM image of the as-deposited nanowire, ( e ) the nanowire 
after being cut at the base for 30 s, and ( f ) nanowire felled towards the incident ion beam with the 
top upwards lying on the substrate surface close to its base.  W ,  T , and  B  denote, respectively, the 
center of mass, tip, and base of nanowire; the  three arrows  show the beam direction; and the 
 one arrow  shows the FIB cutting position. The scale bar is 2 μm [ 19 ]       
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   The bending effect could also affect the felling process and the fi nal felling direction 
of the nanoobject under investigation. To fell the nanowire, an FIB image was fi rst 
grabbed using a frame scanning time of 60 s, and then an area of 400 nm × 400 nm 
near the base of the nanowire was scanned with 30 pA for 30 s. An SEM image was 
taken at this point; this is shown in Fig.  3.5e . After this, another FIB image was taken, 
and this was used as the reference image for further milling for 1 min. An SEM 
image after this further milling, Fig.  3.5f , shows that the nanowire has been felled. 

 It can be seen from Fig.  3.5e  that after FIB scanning with 30 pA ion beam cur-
rent, the wire bent towards the incident ion beam with the cutting point at the base 
being thinned. Further imaging and cutting caused the tip of the nanowire fi nally to 
point to the higher part of the substrate, which shows that the up-dragging moment 
induced by the ion beam-induced bending of the whole nanowire has overtaken that 
imposed by the down-pulling effect of the weight of the nanowire. 

 In general, it is the combined effect of bending and gravity that determines the 
felling direction of the nanowire, since the bending direction is a complicated phe-
nomenon that is controlled by many factors. The center of mass of the irradiated 
nanowire dynamically changes with the evolution of the shape of the nanoobject 
during bending, so the nanoobject could be felled either towards or away from the 
incident ion beam with its tip pointed upwards or downwards, depending on the 
relative strength of the moment due to the object’s weight and that resulting from 
the bending effect caused by ion beam irradiation during imaging and cutting.  

3.2.5     Felling of Freestanding Nanowires for Structural 
and Compositional Studies 

 Nowadays, focused ion/electron beam-induced deposition has been a widely used 
method to grow freestanding nanostructures of various materials, such as tungsten, 
platinum, gold, cobalt, copper, and iron composites, with a broad range of applica-
tions. The compositional and structural details of these as-grown and thermal-
treated structures are of great importance in the determination of the related 
electrical, optical, and mechanical properties; thus, it is very necessary to develop a 
reliable  technology for such investigations. 

 To demonstrate the suitability of the FIB felling technique for examining the 
structural and compositional properties of (previously) freestanding nanomaterials, 
fi rstly, tungsten-containing vertical zigzag nanowires were grown on a holey carbon 
transmission electron microscope (TEM) grid by FIB-induced chemical vapor 
deposition. The rods were grown with the beam normal to the substrate surface by 
scanning the beam in an area 100 nm × 100 nm, using 1 pA ion beam current. Then 
the TEM grid was attached to an SEM sample holder by conductive carbon tape 
stuck from the topside of the grid to the sample holder. To fell the nanowires, inter-
links of the supporting carbon fi lm in the vicinity of a freestanding nanowire were 
cut through with a 1 pA ion beam normal to the membrane surface. Figure  3.6a  
shows a plan-view SEM image of a holey carbon TEM grid attached onto an SEM 
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sample holder; Fig.  3.6b  shows an SEM image of the felled tungsten nanowires 
lying on the holey carbon grid; the top view of the as-grown nanowire is also indi-
cated. The dotted white line schematically shows the FIB cutting positions of the 
supporting carbon networks. A 1 pA ion beam current was used to cut the interlinks 
that support the nanowire. Upon losing its support, the wire was felled and laid on 
the holey carbon grid as shown in Fig.  3.6b .

   After being felled, the nanowires lie on the carbon grid and are suitable for chem-
ical composition analysis. For the felled wires shown in Fig.  3.7 , their composition 
and structure were examined by electron energy loss and energy-dispersive X-ray 
spectroscopy (EDS), scanning electron microscope, and high-resolution TEM. An 
example of a wire resulting from this method is shown by the scanning transmission 
electron microscope (STEM) images and high-resolution TEM images in Fig.  3.7 . 
Figure  3.7a, b  shows the STEM images of the zigzag and vertical straight nanowire, 
respectively. It can be seen that the wires are surface smooth and cross-section uni-
form. The HRTEM images in (c) and (d) indicate that FIB-grown tungsten nanow-
ires consist of carbon skin, which are different for these two kinds of nanowires. 
HRTEM images in high magnifi cation show that W clusters about 1 nm in size can 
be observed to be embedded in a carbon matrix, and these nanowires do not display 
any long-range order—rather there are nanocrystallites with grain size on the order 
of 1 nm. Electron energy loss and EDS show that the composition is 48 at.% tung-
sten, 30 at.% carbon, 16 at.% gallium, and 6 at.% oxygen. This composition is simi-
lar to that reported previously [ 12 ,  18 ,  19 ], indicating that FIB felling of the 
as-deposited objects leads to no changes in their structural properties.

   In summary, it has been demonstrated that low-current FIB milling may be used 
to fell freestanding nanoobjects for compositional, structural, and electrical prop-
erty investigations. The TEM results and electrical property analysis shows that, 
fi rstly, the felling process exhibits negligible side effects on the structures of 

  Fig. 3.6    ( a ) Transmission electron microscope (TEM) grid fi xed on a scanning electron 
 microscope (SEM) sample holder; ( b ) SEM top-view image of freestanding tungsten composite 
wires: an as-deposited wire ( 1 ), wires lying on the TEM grid felled by FIB ( 2  and  3 ). The  inset  
shows the square grid that supports the holey carbon fi lm; the  dotted line  schematically shows the 
cutting position of carbon network that supports the as-deposited wires for felling [ 19 ]       
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nanowires; secondly, the technique provides a particularly fl exible, controllable, 
and target- specifi c approach for the exploration of the properties of freestanding 
nanoobjects; and thirdly, the current–voltage ( I – V ) characteristics of the felled 
nanowire show a series of discrete steps in approaching the normal state, indicating 
that FIB-induced deposition of vertical nanowires might be a potential approach to 
probe the quantum phenomena in nanoscale tungsten with signifi cantly enhanced 
superconductivity—this opens up the possibility of fabricating novel superconduct-
ing devices without a mask or other conventional micro-fabrication techniques. By 
investigating a large number of nanowires, it has been revealed that the phenome-
non of bending is a complex process dependent on many factors. For felling nanow-
ires for transport investigations, a 1 pA beam scanned close to the base of the 
nanowire is recommended.   

  Fig. 3.7    ( a ,  b ) STEM images of the zigzag and straight nanowires after being felled by FIB 
 milling; ( c ,  d ) HRTEM images on the edges of wires shown in ( a ) and ( b ), respectively       
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3.3     Atomic Resolution Top-Down Size Reduction 
with FIB Milling 

 Various fabrication technologies for nanometer-scale feature growth have been 
 developed [ 31 – 38 ]. Among them, a combination of e-beam lithography, metal evapo-
ration, and lift-off process has been widely used to top-down fabricate under 20 nm 
metal track (wires) in large scale [ 35 ]. However, nanowires based on materials that 
cannot be grown by deposition and lift-off techniques are unachievable by this method. 
For example, for the iron-based superconductor, Cs 0.8 (FeSe 0.98 ) 2 , a kind of material 
usually grown at temperatures over 1,000 °C, in the shape of well-formed black crystal 
rods a few mm in diameter [ 39 ], an alternative direct and site-specifi c milling approach 
is thus required in order to study its superconductivity and the related size effect. 

 In addition it has been reported that vertical tungsten nanowires grown by FIB- 
induced deposition are superconducting with much enhanced superconductivity 
[ 40 ] and could be used to form 3D nano-SQUIDs that potentially are able to detect 
the magnetic fi eld both parallel and perpendicular to the substrate surface [ 12 ]. 
However, the size of the as-deposited 3D structures must be reduced if single-spin 
resolution and sensitivity are to be achieved. Thus it is of great importance to explore 
a reliable technique for fabricating nanometer-scale freestanding superconducting 
nanostructures, for better understanding of superconductivity at nanometer scale, as 
well as for realization of high-performance 3D superconducting nanodevices. 

 FIB milling is a technique that can meet this requirement [ 38 ]. The advantages of 
FIB milling include that it is a maskless and resistless process, applicable to most 
materials in any form, i.e., fi lms, tracks, wires, particles, and fl akes. It provides many 
aspects of fl exibility and controllability for processing, e.g., with stage tilting and 
changing of the ion beam incident angle, as defi ned in Fig.  3.5a , combined with the 
easy controlling of different ion beam currents and thinning rate; meanwhile, the fi eld 
of view can be easily adjusted by magnifi cation, and thus the thinned area and the 
number of nanowires to be thinned can be designed; by using different scanning strat-
egies, for instance, raster scanning or reduced raster scanning, as shown in Fig.  3.8 , 
the whole wire or a specifi c portion of the target can be selectively thinned precisely.

   To demonstrate the applicability of this technique to thinning of freestanding 
nanowires, two vertical tungsten nanowires with diameter of about 180 nm were 
deposited, as shown in Fig.  3.9a . Since FIB irradiation could lead to the bending of 
freestanding nanowires as discussed above, systematic experiments were performed 
for optimized condition for FIB milling-resulted size reduction. In particular, the 
infl uence of the ion beam current and the ion incident angle during thinning need to 
be considered to achieve only size reduction of the wire or to thin the wire as well 
as deform it simultaneously. The ion beam current is a critic parameter for different 
purposes. To thin a pair of vertical nanowires as well as to obtain a solid contact 
between them, a reduced raster scan was performed so that the beam scanned in an 
area that covered the wire to be bent and a portion of the other wire with an ion 
beam current in the range of 150–300 pA. The stage rotation and tilting angles were 
also optimized based on the values of the interspacing and heights of wires to be 
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  Fig. 3.8    Ion beam scanning strategy: ( a ) raster scanning; ( b ) reduced raster scanning       

  Fig. 3.9    SEM images of ( a ) two as-deposited freestanding tungsten nanowires (330 nm in width); 
( b ) joint contact formed based on the pair of nanowires shown in ( a ) with one bent and both of 
them with width halved by the irradiation using a 200 pA ion beam during the bending process 
[ 41 ]; ( c ) as-grown ZnO nanowire lying on the substrate; ( d ) tapered ZnO nanowires thinned with 
ion beam irradiation using reduced rater scanning       
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bent. Figure  3.9b  shows the joint contact formed between these two wires with the 
width having been halved by using a 200 pA ion beam current for irradiation. To 
achieve such structures, the stage was rotated by 80° so that the two wires were 
slightly misaligned, and then reduced raster scanning was performed to irradiate the 
whole of the longer wire and a small section of the shorter wire with the stage tilted 
by 45°; by doing this, the longer wire bent towards the incident ion beam and fi nally 
made contact with the shorter one. During this process, both wires were thinned. 
This confi rms that FIB milling can be used for controllable size reduction as well as 
to manipulate the orientation of freestanding nanowires at the same time, which 
possibly can be used to construct freestanding superconducting pickup loops with 
desired cross section and neat surface to integrate with a planar SQUID for super- 
performance 3D nano-SQUID fabrication [ 41 ].

   Meanwhile, FIB milling can be used to reduce the size of an object that lies on 
the substrate. Figure  3.9c, d  is the plan-view image of an as-deposited ZnO nanow-
ire, being thinned using reduced raster scanning with a 1 pA ion beam. The segment 
indicated by number 3 is the as-deposited portion. The tapered shape can be achieved 
by setting different ion beam irradiation doses in different areas, which can be mod-
ulated simply by either the irradiation time or the ion beam current or by changing 
the ion beam incident angle. For accurate control of the size reduction, it is neces-
sary to use a low ion beam current and low magnifi cation. An increased size reduc-
tion rate can be obtained with larger ion beam currents and magnifi cations, though 
this sacrifi ces controllability. A high milling rate may also damage the supporting 
substrate. To obtain a nanowire with evenly reduced size along the length direction, 
raster scanning with a fi eld of view that barely covers the nanowire was used to 
avoid unnecessarily harsh thinning. 

 Furthermore, in situ experiment can be done on the thinned nanowires for electri-
cal property characterization. For instance, to explore the size effect of FIB-grown 
vertical tungsten nanowires, FIB-induced deposition, milling-resulted thinning, and 
felling process can be done in one run. Firstly, to grow vertical tungsten nanowires 
with W(CO) 6  as the gas precursor by 1 pA ion beam current, the vertically grown 
nanowires were felled by lateral FIB milling through the base of the nanowires. 
Then the size of the nanowire was thinned by raster and/or reduced raster scanning 
with various ion beam exposure durations to reduce the size of the whole wire 
evenly or a portion of it, as indicated in Fig.  3.10  [ 41 ].

   To form a four-terminal device confi guration (Fig.  3.10c ) for electrical property 
measurement, a larger ion beam current of 10 pA was then used to deposit strips to 
connect the thinned wire to large Au contact pads, which had been previously 
formed on a 200-nm-thick SiO 2  layer on a Si substrate by conventional 
photolithography- based processes. Current-biased transport measurements were 
performed with a quantum design physics property measurement system (PPMS). 
Temperature-dependent resistance and  I – V  transport measurements were conducted 
on the as-deposited nanowire with width thinned to 50 nm. Figure  3.10d  shows the 
 I – V  curves. The transition width of the 50 nm wide nanowire is slightly wider than 
that of the as-deposited one (80 nm). From the  I – V  curves, it can be derived that the 

3 Low-Current Focused Ion Beam Milling for Freestanding Nanomaterial…



60

critical current density upon thinning is insignifi cant, being 1.7 × 10 5  A/cm 2  and 
1.4 × 10 5  A/cm 2  at 4.26 K for the as-deposited wire (black curve) and wire with 
width reduced to 50 nm (red curve), respectively. Previously, it has been found that 
for as-deposited lateral nanowires with width of 19 nm, a residual resistive tail 
extending down to the low-temperature region exists, possibly as a consequence of 
a thermally activated phase slip (TAPS) process near  T  c  [ 25 ,  42 ]. However, the 
coherence length of FIB-deposited tungsten is about 6 nm. Using most of the cur-
rently available commercial FIB systems, it is still a technical challenge to deposit 
freestanding nanowires with diameter less than 80 nm and to deposit lateral continu-
ous thin nanowires with width and/or thickness less than 10 nm. So the approach of 
using low-current FIB thinning to reduce the size of the as-deposited nanofeature to 
the physical critical values might fi nd potential application in the research fi elds of 
quantum science as well as nanoscience and nanotechnology. 

 The width, thickness, and height of nanowires were measured by in situ SEM 
and by atomic force microscope (AFM). After thinning, nanowires were transferred 
onto holey carbon TEM grids by an in situ nano-manipulator. The chemical compo-
sition was obtained by EDS and electron energy loss spectroscopy attached to the 
TEM. The TEM image of a thinned tungsten nanowire (not shown here) is promptly 
inserted into a TEM facility for structural property examination. The bright fi eld 
image shows that the width was reduced to about 50 nm. An image at a higher mag-
nifi cation confi rms that the thinned nanowires do not display any long-range crys-
talline order—rather there are nanocrystallites with grain size on the order of 1 nm, 
a result similar to that observed for the as-deposited nanowire [ 43 ]. This further 

  Fig. 3.10    ( a ) SEM side-view image of a freestanding tungsten nanowire grown by FIB-induced 
deposition and ( b ) SEM top-view image of a tapered tungsten nanowire thinned by FIB after being 
felled by FIB at the base; ( c ) SEM image of a typical four-terminal confi guration based on the thinned 
nanowire after being felled; ( d ) the  I – V  curve of the thinned nanowire measured at 4.26 K [ 41 ]       
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indicates that low-current ion beam milling did not bring observable change to the 
microstructure of the tungsten nanowires. However, the outer amorphous layer is 
slightly thinner compared to the as-deposited nanowire (not shown here), confi rm-
ing the removal of the outer amorphous layer during thinning. The electron energy 
loss and EDS show that the composition of the thinned nanowire is 49 at.% tung-
sten, 29 at.% carbon, 16 at.% gallium, and 6 at.% oxygen, indicating that FIB thin-
ning of the as-deposited objects leads to no obvious changes in their chemical 
composition. 

 TEM images of a thinned tungsten composite nanowire with width reduced from 
80 to 20 nm show uniform shrinking along the length of the wire, and high- resolution 
images show no obvious changes of the morphology after thinning. The critical cur-
rent densities of the as-deposited wire and one thinned to a width of 50 nm are 
1.7 × 10 5  A/cm 2  and 1.4 × 10 5  A/cm 2  at 4.26 K, respectively, suggesting insignifi cant 
modulation of the electrical properties during thinning. These results suggest that 
FIB milling is a potential approach for controllable size reduction with high resolu-
tion towards the observation of size and quantum effects as well as for construction 
of 3D superconducting nanodevices.  

3.4     Conclusions 

 In summary, by low-ion-beam-current FIB milling, individual freestanding nanoob-
jects can be felled as desired; also, site-specifi c size reduction can be achieved for 
both freestanding and lateral nanowires in a well-controllable way. Parameters such 
as the angle of the incident ion beam, ion beam scanning area, ion beam current, and 
scanning strategy and scanning time were carefully chosen for controllable felling 
and thinning. After felling or thinning, no obvious structural and electrical property 
changes were observed for nanoobject grown with FIB-induced deposition. These 
results suggest that FIB milling is an effective method that could be used for the 
characterization of size and quantum effects in nanomaterials, especially freestand-
ing nanomaterials, as well as for fabrication of novel 3D nanodevices.     
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    Abstract     Focused ion beam (FIB) milling through carbon nanotube (CNT) yarns 
and bucky-papers followed by scanning electron microscopy has recently emerged 
as a powerful tool for eliciting details of their internal structure. The internal arrange-
ment of CNTs in bucky-papers and yarns directly affects their performance and 
characteristics. Consequently this information is critical for further optimisation of 
these structures and to tailor their properties for specifi c applications. This chapter 
describes in detail FIB milling of CNT yarns and bucky-papers and gives a range of 
examples where FIB milling has enabled a better understanding of how processing 
conditions and treatments affect the internal structure. Emphasis is placed on how 
FIB milling elucidates the infl uence of fabrication conditions on the internal arrange-
ment of CNTs and how this infl uences the material’s macroscopic properties.   
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4.1         Introduction 

 This chapter gives an overview of how focused ion beam (FIB) milling has been 
used to reveal the internal structure of carbon nanotube (CNT) yarns and bucky- 
papers. CNTs are nanoscale hollow cylinders of rolled up graphene, with inner 
diameters as small as 0.7 nm and lengths up to several millimetres, and can be 
capped at one or both ends by half a fullerene. They can consist of a single cylinder 
(single walled) or a number of concentric cylinders (double walled, few walled, and 
multi-walled). Most importantly, they exhibit exceptional intrinsic properties such 
as high tensile strength (20–40 GPa for single-walled CNTs), high electrical and 
thermal conductivity and excellent chemical and electrical stability, making them of 
interest for a wide range of applications [ 1 – 5 ]. 

 In order to be useful for practical applications, CNTs need to be manipulated 
into macroscopic structures, often with a highly ordered arrangement. However 
this is a major challenge, and the formation of macrostructures that take full advan-
tage of the exceptional, individual CNT properties remains an elusive goal. Two 
promising CNT macrostructures are dry-spun yarns and bucky-papers, which have 
been considered for a range of applications including sensors [ 6 – 8 ], membranes 
[ 9 – 11 ], actuators [ 12 ], composites [ 13 ,  14 ], advanced textiles [ 15 ] and biological 
scaffolds [ 16 ]. 

 Pure CNT yarns can be formed via two main routes. The fi rst involves dispersing the 
CNTs into solutions of acids or surfactants followed by wet-spinning into fi bres [ 17 – 19 ]. 
The second approach is a solid-state process where the yarns are spun directly from 
either a “spinnable” forest of vertically aligned CNTs [ 20 – 25 ] or an aerogel of nano-
tubes in the reaction zone of a chemical vapour deposition (CVD) furnace [ 26 – 28 ]. 
CNT nanocomposite fi bres can also be spun from mixtures of polymers and CNTs via 
more conventional wet-spinning or melt-spinning routes. This chapter focuses on FIB 
milling of dry-spun CNT yarns formed from vertically aligned spinnable CNT forests. 
However the same FIB milling technique should be equally applicable to CNT yarns 
formed by the other routes. The characteristic of spinnability refers to the ability to draw 
a continuous, free-standing web directly from the edge of a CNT forest as illustrated in 
Fig.  4.1a . This web can be used as is or further twisted into a yarn (Fig.  4.2 ) in a manner 
similar to conventional textile yarns. These yarns exhibit high breaking stresses of up to 
2 GPa and high thermal and chemical stability [ 23 ,  29 – 33 ]. Furthermore their excellent 
mechanical properties enable knottability and weavability as well as the incorporation of 
various additives for multifunctional yarns and fabrics [ 20 ,  23 ]. 

 The term “bucky-paper” (BP) generally refers to a mat of randomly entangled 
CNTs prepared by vacuum fi ltration (Sect.  4.2.3 ) [ 17 ,  18 ]. CNTs within the bucky-
paper are held together through strong van der Waals interactions leading to a cohe-
sive structure. Bucky-paper properties are highly dependent on the type and 
morphology of CNTs used and on the processing conditions. They have been shown 
to be mechanically robust and fl exible with bulk modulus of up to ~1 GPa [ 10 ,  34 ] 
and to have high thermal and chemical stability. They also exhibit outstanding 
porosity with values between 70 and 91 % reported [ 8 ,  9 ,  35 ] and have high specifi c 
surface areas up to 2,200 m 2 /g [ 10 ,  36 ]. They are also simple and cheap to fabricate 
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  Fig. 4.1    SEM images showing a web of CNTs being drawn from the edge of a “spinnable” forest 
( a ), reprinted from ref.  40  with permission from Elsevier, and ( b ) a densifi ed CNT web on a glass 
substrate       

  Fig. 4.2    ( a ) Photo of a fl yer spinner used to fabricate CNT yarns. ( b )–( d ) SEM images of the spin-
ning process showing ( b ) the entire process and the spinning wedge/triangle that forms, ( c ) the 
resulting CNT yarn and ( d ) the convergence point of the spinning wedge. Reprinted from ref.  40  
with permission from Elsevier       

and offer an ideal platform for the incorporation of other additives and polymers. 
These properties make bucky-papers a promising material for sensors [ 7 ,  8 ], 
 electrodes [ 37 ], separation [ 9 – 11 ] and composites [ 13 ,  38 ]. 

 The properties of both CNT yarns and bucky-papers are highly dependent on 
their internal structure. Therefore techniques to better visualise or infer details 
about the CNT arrangement are desperately needed. However, there has, until 
recently, been a general lack of understanding regarding the effect of processing 
conditions and additives on the internal CNT arrangement and morphology. The 
traditional sample preparation techniques of microtoming and freeze fracturing 
used to prepare samples for scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) are not suitable for CNT yarn and bucky-papers as they 
typically cause severe and permanent structural deformation. Prior to FIB milling, 
information about the arrangement of nanotubes was typically inferred from SEM 
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  Fig. 4.3    Schematics showing ( a ) the chemical vapour deposition process used to grow spinnable 
CNTs and ( b ) growth mechanism of the CNTs       

images of the sample surface or from X-ray diffraction which can give an indication 
of the degree of their alignment [ 17 ,  39 ]. More recently FIB milling has emerged as 
an effective tool for forming cross sections which can then be further imaged by 
either SEM [ 40 ] or TEM [ 24 ]. FIB milling is hence a powerful tool for examining the 
internal structure and enables the development of methods to manipulate the inter-
nal structure for specifi c properties. 

 In this chapter we describe in detail the procedure used to mill CNT yarns and 
bucky-papers with gallium ions in an FIB system (Sect.  4.3 ). This is followed by spe-
cifi c examples from our own work and others where FIB milling has led to an improved 
understanding of the internal structure and its impact on performance (Sects.  4  and  5 ). 
Section  2  also gives further background details for the interested reader regarding the 
CNT yarns and bucky-papers relevant to this work. However this section is not critical 
for the understanding of Sects.  4.3 – 4.6  and can be skipped if desired.  

4.2       Background: Spinnable CNT Forests, CNT Yarn 
and Bucky-Paper 

 The CNT yarns and bucky-papers discussed in this chapter are primarily fabricated 
from “spinnable” CNT forests, and further background relating to their growth, 
properties and processing is given in this section. 

4.2.1     Growth of Spinnable CNT Forests 

 “Spinnable” CNT forests are grown by CVD. A silicon wafer bearing a thin 
(~50 nm) layer of thermal oxide and an iron catalyst is used as the growth substrate. 
Acetylene or ethylene diluted by helium is used as the carbon source and fl ows 
through a quartz tube heated to ~700 °C (Fig.  4.3 ) [ 21 ]. During synthesis the iron 
catalyst remains fi xed to the substrate and CNTs grow vertically forming a forest- 
like structure (Fig.  4.3b ). The individual CNTs tend to consist of 7–9 concentric 
walls with an inner diameter of ~5 nm and length of ~300–500 μm.
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   While CNT forests can be grown over a wide parameter range (temperature, 
reaction time, heating/cooling rates, hydrocarbon source/concentration, catalyst 
type), the characteristic of “spinnability” is only achieved within a very narrow 
subset of these. “Spinnability” is not yet fully understood, but it is known to be 
related to the properties of the CNT forest such as [ 21 ]:

 –    The absence of free catalyst and amorphous carbon which is believed to lead to 
enhanced van der Waals interactions (i.e. high-purity CNTs)  

 –   A suitably high forest (i.e. CNTs typically >200 μm in length)  
 –   A degree of entanglement  
 –   CNT areal density  
 –   Adhesion to the substrate     

4.2.2      CNT Sheets and Spinning into Yarns 

 Spinnable CNTs can be pulled away from the forest edge as shown in Fig.  4.1  to form 
a web. The as-drawn webs are like an aerogel with a low areal density of 2.7 mg/cm 2  
and thickness of ~20 μm [ 41 ]. The webs can be used directly by placing it onto a 
desired substrate, where they can be fi xed in place and densifi ed using a solvent such 
as acetone or  iso -propanol. As the solvent evaporates, surface tension effects draw the 
CNTs together, reducing the web thickness to ~50 nm (Fig.  4.1b ) [ 41 ]. While the 
CNTs in the web show a preferential orientation due to the drawing process, there is 
still considerable branching and interconnection between them as shown in Fig.  4.1b .

   Alternatively, the as-drawn web can be twisted into a yarn, in much the same way 
as conventional textile fi bres. The application of twist provides radial compressive 
stresses to pack the CNTs into a denser structure, improving van der Waals forces 
between them and imparting tensile strength to the structure. Figure  4.2  shows the 
use of a fl yer spinner to continuously draw CNT web from the forest edge and twist 
it into yarn, which is then collected on a rotating bobbin. Unless specifi ed otherwise 
the CNT yarns discussed in this chapter have been processed using this “standard” 
method. The amount of twist applied to the yarns can be accurately controlled, and 
typically twist densities above 5,000 turns/m (5 mm −1 ) are needed to form a coher-
ent, uniform, load-bearing yarn structure.

   In order to cater for the addition of various nanoparticles and nanofi bres into the CNT 
yarn structure, Lima et al. developed an alternative method for the formation of CNT yarns 
as illustrated in Fig.  4.4  and designated as "twist-spun yarn" [ 15 ]. In this process CNT web 
layers are fi rst drawn across fi lter paper. Once on the fi lter paper, the webs are densifi ed by 
wetting them with  iso -propanol or another solvent. Various other treatments or additives 
can then be applied to the web. To insert twist the fi lter paper with attached CNT web is 
suspended at one end from a rigid support while a metal rod is attached to the other end. 
The fi lter paper/CNT web is immersed in acetone to dissolve away the fi lter paper, and 
then the metal rod is rotated by placing it over a magnetic stirrer, and hence the web is 
twisted into a yarn. This method of twisting can also be applied in air.
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4.2.3          Bucky-Paper Processing 

 The most commonly reported wet route to form bucky-papers is illustrated in 
Fig.  4.5 . It involves fi rst purifying and dispersing the CNTs into solution followed 
by vacuum fi ltration through a porous fi lter paper, which results in a mat of ran-
domly entangled CNTs (Fig.  4.5b ). Depending on bucky-paper thickness, the type 
of CNTs and porous fi lter used, it is sometimes possible to peel the bucky-paper 
away from the fi lter paper. Alternatively, the bucky- paper can be separated from the 
fi lter using a polydimethylsiloxane (PDMS) stamp or by dissolving away the porous 
support membrane. Bucky-papers can be highly fl exible and mechanically robust as 
demonstrated by the origami plane in Fig.  4.5c .

   The fi nal properties of the bucky-paper are highly dependent on the type of CNTs 
used (their length, purity and diameter) and the method used to purify and disperse 
them [ 10 ]. The dispersion process for example often involves sonication [ 43 ,  44 ], 
the use of surfactants [ 45 ,  46 ] or functionalisation of the CNT outer walls [ 38 ,  47 ], 
all of which can alter the properties of the individual CNTs. Furthermore, a well- 
dispersed solution is desirable to achieve a uniform and defect-free bucky-paper 
structure. Hence it is critical to carefully optimise each of these steps in order to 
reproducibly manufacture mechanically strong bucky-papers. 

 The bucky-papers discussed in this chapter were formed by dispersing CNTs 
into  iso -propanol by mild sonication (15-min intervals at a power of 150 W [ 9 ]). 
Spinnable forests were used with the CNTs being fi rst scrapped off the silicon sub-
strates and then dispersed. The spinnable CNTs are highly pure being free of other 
carbonaceous materials and catalyst [ 21 ], which avoids lengthy purifying steps 
which can alter the CNT properties. 

  Fig. 4.4    ( a ) Schematic showing the spin-twist process for forming CNT yarn. The top end of a 
CNT sheet is fi xed to a rigid support, while the bottom is attached to a metal bar and twisted using 
a magnetic stirrer. ( b ) Photo of the process—reprinted from ref.  42  © 2012 WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim          
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 In addition to wet routes, bucky-papers can also be processed via two solid-state 
routes which enable CNT alignment within the structure. In the fi rst approach a 
vertically aligned nanotube forest, generally grown on a silicon wafer by CVD, is 
fl attened through mechanical rolling [ 48 ]. This technique generates very thin, semi- 
aligned bucky-papers and can be applied to any type of CNT forest, regardless of 
its CNT surface density, diameter or length or spinnability. The second route 
involves drawing webs from spinnable CNT forests [ 49 ]. Multiple layers can be 
overlapped and densifi ed to form well-aligned bucky-papers, referred to as bucky-
ribbons. This technique has the advantage over the previous rolling method of 
allowing different thicknesses to be prepared from the same CNT batch by varying 
the number of overlapped layers.   

4.3       FIB Milling Procedure for CNT Yarns 
and Bucky-Papers 

 Gallium ion milling in a FIB system is an excellent technique to obtain cross sec-
tions and hence study the interior morphology of CNT yarns and bucky-papers [ 15 , 
 40 ]. However the milling strategy needs to be carefully designed to minimise (1) 
redeposition of material onto the cross section of interest and (2) crystalline damage 
and implantation by the gallium ions. 

 Sample preparation for the yarns involved suspending a yarn across a single slot 
copper TEM grid, which was then fi xed to a pin head SEM stub using carbon tape 
(Fig.  4.6 ). This procedure avoids carbon tape contamination of the yarn and also 
minimises the redeposition of sputtered material from the SEM stub or the support 

  Fig. 4.5    ( a ) Process for manufacturing bucky-papers, ( b ) SEM image showing the bucky-paper 
surface and ( c ) bucky-paper origami aeroplane demonstrating their fl exibility and mechanical 
robustness. Reprinted from ref.  10        
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substrate onto the yarn cross section. Figure  4.7  shows a poor example where the 
gallium ions have also milled the supporting substrate (a silicon wafer) with subse-
quent redeposition onto the yarn cross section.

    Gallium ion milling typically proceeds with an initial “quick and rough” cut using 
high beam currents of 5–7 nA, at a standard voltage of 30 kV. Figure  4.8a–d  shows 
the progression of this initial rough cut. Once cut, the two yarn segments tend to 
separate due to tension in the initial suspended yarn. This allows direct observation 
of the yarn cross section (at a 52° angle due to the FIB geometry [ 50 ], see Fig.  4.9 ). 
As can be seen in the higher magnifi cation image (Fig.  4.8d ), while milling at high 
currents is fast, it also causes considerable damage so that little detail is discernable. 
The beam damage can be minimised through a series of fi nal “polishing” slices at 
successively lower beam currents from 5 to 0.5 nA (Figs.  4.8e  and  4.10 ). This fi ne 
milling results in a relatively clean cross section like that shown in Fig.  4.10  for a 
high-twist (25 mm −1 ) yarn. A core–sheath arrangement is observed for this yarn, with 
a lower CNT packing density at the surface than at the yarn centre, and clearly illus-
trates the power of FIB milling to elicit details of the internal yarn structure. Close to 
the surface, the CNT bundles are easily resolved. However close to the yarn centre, 
where the density is higher, the bundles merge into one another forming an appar-
ently solid block, but resolution may be ultimately limited by ion beam damage.

  Fig. 4.6    Low-magnifi cation 
SEM image showing the 
sample set-up for gallium ion 
milling of a CNT yarn (52° 
tilt)       

  Fig. 4.7    SEM image of a 
cross section milled through a 
CNT yarn supported on a 
Si-wafer (52° tilt). The 
gallium ions also penetrated 
into the Si wafer leading to Si 
redeposition onto the CNT 
yarn section       
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     A similar procedure of rough milling followed by fi ne milling is used for the 
CNT bucky-papers. However due to the large, planar geometry of the bucky-papers, 
a trench is typically milled as shown in Fig.  4.11 . It is particularly important to mill 
a wide enough trench to allow space for the sputtered material to escape and be 
either pulled away by the vacuum or deposit well away from your region of interest. 
If the trench is too narrow then material can redeposit on the cross section of interest 
and substantially affect the observations. The bucky-papers were typically placed 
onto pin head SEM stubs with carbon tape, and only a partial cross section made 
through the structure.

  Fig. 4.8    SEM images (52° tilt) showing progressive milling through a CNT yarn. Initially a fast 
cut at high beam currents of 5–7 nA is made ( a – d ). ( d ) is a higher magnifi cation image of ( c ) and 
illustrates the large amount of damage incurred. This is followed by a series of polishing slices at 
progressively lower beam currents between 5 and 0.5 nA ( e )       
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52°

Electron column

Ion (Ga+)
column

5 mm

  Fig. 4.9    Schematic showing 
the typical arrangement of an 
FIB system. During milling, 
the sample is tilted 52° so 
that the gallium ions are 
incident normal. 
Consequently SEM imaging 
is performed with a 52° tilt       

  Fig. 4.10    ( a ) SEM images (52° tilt) showing the internal structure of a 25 mm −1  yarn after a series 
of polishing slices at progressively lower beam currents. A core–sheath structure is clearly evident. 
( b ) and ( c ) are higher magnifi cation images of the yarn edge and centre, respectively. This is the 
same yarn that is shown in Fig.  4.8           
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4.4         Examples: CNT Yarns 

 FIB milling of cross sections followed by SEM imaging has provided insights into 
the internal yarn structure not previously possible. A strong emphasis of recent 
research has been towards improving yarn strength with a number of approaches 
investigated including:

    1.    The effect of fundamental spinning conditions (such as twist) [ 40 ]   
   2.    Densifi cation with solvents [ 22 ,  27 ,  40 ]   
   3.    Modifi cation of the spinning process itself [ 32 ,  51 ]   
   4.    Functionalisation of the CNTs or the addition of polymers/fi llers [ 31 ,  33 ,  52 ]     

 Researchers have also investigated the addition of various guest materials into 
the yarn structure to create multifunctional yarns [ 15 ]. While these studies have led 
to signifi cant improvement in yarn strength and wider application of CNTs, until 
recently there has been little understanding of the effects on the internal yarn struc-
ture. In this section we give various examples from our work and others where FIB 
milling/SEM imaging has helped gain a better understanding of the how the above 
processes affect the internal structure and hence the properties of the yarn. 

4.4.1     Effect of Fundamental Spinning Parameters on Internal 
CNT Yarn Structure: Twist and Solvent Densifi cation 

 Sears et al. performed one of the fi rst comprehensive studies in which FIB milling 
was used to monitor changes in CNT yarn structure with varying spinning parame-
ters [ 40 ]. In this study, FIB milling was used to make sections both parallel and 
perpendicular to the yarn axis and in this way monitor the internal structure of yarns 
with a range of twist densities and acetone densifi cation. Furthermore, these changes 
were correlated with tensile strength measurements allowing a better understanding 
of the infl uence of key spinning parameters. 

  Fig. 4.11    Trench milled into 
a CNT bucky-paper using 
gallium ions       
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4.4.1.1     FIB Milling and SEM Imaging 

    Figure  4.12  shows FIB-milled cross sections for CNT yarns with twist densities 
between 5 and 25 turns/mm (or mm −1 ). This series of images reveals three main trends 
of interest. Firstly, at twist densities below ~5 mm −1 (Fig.  4.12a ), the cross section has 
an irregular shape with a number of striations along the yarn axis. However, these 
striations do not penetrate deeply into the yarn interior. As the twist is increased 
beyond 5 mm −1 , these striations diminish and a circular cross section is observed.

   Secondly, the packing density at the yarn centre continuously increases with 
twist density as shown by the higher magnifi cation images in Fig.  4.12 . This increase 
in CNT packing density correlates well with the reduced yarn diameter, both due to 
the increased radial compressive force generated by greater inserted twist. 

 Finally, and most importantly, at twist densities above ~20 mm −1  a prominent 
core–sheath structure develops. The origin of this core–sheath structure is unclear. 
However it is suspected that the high compressive forces introduced during spin-
ning and twist insertion lead to strong compaction of CNTs in the yarn centre. 
Consequently, when spinning is complete and the yarn allowed to relax to a stable 
confi guration (torque stabilisation), these interior CNTs remain tightly packed due 
to strong van der Waals interactions between them. In contrast, the outer CNTs are 
under less pressure and are able to relax to form a lower density sheath. Also, as 
the yarn is twisted the outer layers are extended into longer helical paths than the 
inner layers. At high twists the outer nanotube bundles may be extended beyond 
their elastic limit and drafted permanently so that when the yarn relaxes and con-
tracts longitudinally they take up a larger volume. 

 FIB milling was also used to mill sections parallel to the yarn axis for a low- 
(15 mm −1 ) and high-twist (35 mm −1 ) yarn as shown in Fig.  4.13 . These cross sec-
tions show more clearly the variation in CNT orientation throughout the yarn 
interior. At the yarn centre the CNTs are aligned predominantly along the yarn axis 
and very few CNT ends are observed, while closer to the surface, the CNTs are 
increasingly oriented out of the page.

   Another technique commonly used to densify CNT webs and yarns is to immerse 
them in a solvent and allow them to evaporate. As the solvent evaporates, surface 
tension effects pull the nanotubes and bundles together leading to densifi cation. 
This has been reported to improve the CNT yarn strength [ 26 ,  29 ]. Figure  4.14  
shows FIB sections made through an acetone-treated, low-twist (7.5 mm −1 ) yarn. 
During spinning the CNT yarn was brought in contact with acetone at the point of 
twist insertion. This process resulted in a smaller diameter yarn (see Fig.  4.14c, d ) 
with a correspondingly higher packing density (see Fig.  4.14a, b ).

4.4.1.2        Correlation of CNT Yarn Structure with Tensile Strength 
Measurements 

 The relationship between structure and strength was investigated by performing 
tensile testing on the same yarns used for FIB analysis. Figure  4.15a, b  shows the 
dependence of breaking stress (MPa—breaking load/yarn area) and breaking load 
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(mN) as a function of the as-spun twist, respectively. A maximum breaking stress of 
~580 MPa (breaking load of ~125 mN) was measured at a twist density of 15 mm −1 . 
A strong decline in tensile stress and breaking load is observed at higher twist 

  Fig. 4.12    SEM images of 
FIB sections milled through 
CNT yarns with as-spun twist 
densities of ( a ) 5 mm −1 ; 
( b ) 10 mm −1 ; ( c ) 15 mm −1 ; 
( d ) 20 mm −1  and ( e ) 25 mm −1 . 
The left image shows the 
whole cross section (scale bar 
represents 5 μm), while the 
right image is a higher 
resolution image taken at the 
yarn centre (scale bar 
represents 500 nm). All 
images were taken with a 
sample tilt of 52°. Reprinted 
from ref.  40  with permission 
from Elsevier       
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  Fig. 4.13    SEM images of sections milled parallel to the yarn axis for yarns with twist densities of 
15 and 35 mm −1 : ( a ) Low-magnifi cation view from the top of the yarn showing the milled section; 
( b ,  c ) SEM images for the 15 and 35 mm −1  twist yarns, respectively, showing a section taken from 
the centre of the yarn to the outer edge (52° tilt); ( d ,  e ,  f ,  g ) higher magnifi cation SEM images for 
the 15 and 35 mm −1  yarn showing regions from the centre and edge of the milled sections (52° tilt)       
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densities and coincides with the onset of the core–sheath structure. This reduction 
with increasing twist is probably due to the oblique orientation of CNTs in the 
sheath away from the yarn axis and load direction and is similar to that observed for 
conventional yarns. The low-density sheath also implies that the different sections 
of the yarn will not simultaneously reach peak load when the yarn is extended, lead-
ing to a reduction in the peak load that the yarn can sustain.

   An increase in the tensile breaking stress with twist up to 15 mm −1  can be 
observed in Fig.  4.15a  and is primarily due to the decreased yarn diameter. If 
breaking load is plotted instead of breaking stress as in Fig.  4.15b  little depen-
dence on twist is observed between 5 and 15 mm −1 . This is a somewhat surprising 
result as it indicates that the closer CNT packing and increased compressive 
stresses that accompany higher twist do not improve load transfer between the 
individual CNTs. A similar result is also observed for the acetone-treated yarns 
(solid circles in Fig.  4.15 ), where the acetone treatment leads to a denser, smaller 
diameter yarn but has little impact on the breaking load. These results highlight 
that the factors determining the strength in CNT yarns differ signifi cantly from 
those of conventional yarns. This is not that surprising considering the large num-
ber of CNTs in a yarn, hundreds of thousands compared to forty to one hundred in 
a conventional yarn, along with the nanoscale nature of the CNTs and the exis-
tence of van der Waals forces between them.   

  Fig. 4.14    SEM images of a CNT yarn spun with a twist density of 7.5 mm −1  ( a, c ) without acetone 
and ( b ,  d ) with acetone. The micrographs in ( a ,  b ) show one-quarter of the yarn cross section (52° 
tilt), while the images in ( c ,  d ) show the yarn surface (no tilt). Reprinted from ref.  40  with permis-
sion from Elsevier       
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4.4.2     Improving CNT Yarn Strength: Modifi ed Spinning 
Processes and Treatments 

 Using the standard spinning process described in Sect.  4.2 , CNT yarn strengths 
between 500 and 600 MPa are routinely achieved [ 23 ,  30 ,  40 ]. While impressive, 
this still falls considerably below expectations based on conventional yarns which 
typically achieve tensile strengths that are 60–70 % of their individual fi bres. 
Assuming that a multi-walled CNT has a tensile strength of 14 GPa, current CNT 
yarns only achieve strengths around 4 % of their individual CNT strengths. 
Consequently there has been a drive to investigate methods to further improve CNT 
yarn strength, and FIB milling has been a key characterisation tool in this research. 

 For example Tran et al. developed a modifi ed spinning process as shown in 
Fig.  4.16b  where the web fi rst goes through a tensioning/drafting zone before twisting 
into a yarn. The tensioning zone consists of a series of rollers with the aim of achiev-
ing better CNT alignment in the web and hence a more optimal arrangement in the 
fi nal yarn. SEM imaging of cross sections formed by FIB milling seem to show an 
improved alignment of the CNTs in the web after the tensioning/drafting zone (see 
Fig.  4.17 ), and this correlated with a considerable increase in tensile strength of up to 
1.4 GPa compared to the standard process [ 32 ,  33 ].

  Fig. 4.15    Dependence of 
breaking stress (MPa) ( a ) and 
breaking load (mN) ( b ) on 
as-spun twist density. The 
lines are a guide to the eye 
only and are based on a 
polynomial fi t. The  solid 
circles  ( red  online) represent 
acetone-densifi ed yarns       
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b

a
CNT forest Spinning wedge Twist→CNT 

Triangle of CNTCNT forest

Tensioning/drafting
zone Twist→CNT

  Fig. 4.16    Schematics showing ( a ) the standard spinning process in which the web is directly spun 
into yarn forming a spinning wedge and ( b ) the different zones in the modifi ed spinning process 
which separates the web drawing and spinning processes       

    The modifi ed spinning process also enables application of various treatments 
to the web prior to twisting, and FIB milling/SEM is an excellent tool for moni-
toring how these treatments affect the fi nal yarn structure. For example, Min et al. 
pretreated the CNT web as shown by the scheme in Fig.  4.18  to create a highly 
cross- linked network within the yarn [ 31 ]. SEM of FIB-milled sections through 
untreated and treated yarns showed a signifi cantly reduced porosity in the case of 
the treated yarn (Fig.  4.19 ), which was suggested to lead to greater interaction 
between CNTs contributing to the much improved yarn strength of 2.5 GPa and 
Young’s modulus of 121 GPa.

    A fi nal example in which FIB milling is particularly relevant for evaluating a 
new process is the rub-densifi ed CNT yarns reported by Miao et al. [ 51 ]. In the 
rub- densifi ed yarns the so-called twistless or false twist yarn is formed by draw-
ing the CNT web through two padded rollers which rotate and move laterally 
(Fig.  4.20 ). The rotation motion pulls the CNT web up through the rollers, while 
densifi cation of the yarn is achieved by the lateral motion where the two rollers 
move in reciprocating directions creating a rubbing action. SEM imaging of cross 

  Fig. 4.17    An SEM image of a cross section milled through three layers of CNT web formed using 
the modifi ed process is shown in Fig.  4.16 . Reprinted from ref.  33  doi:  10.1088/
0957-4484/22/14/145302           
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  Fig. 4.18    ( a ) The proposed 
chemical reactions involved 
in the sidewall modifi cation 
of CNTs with 
4-carboxybenzenediazonium 
salt. ( b ) Proposed cross- 
linked network structure after 
treatment of the 
functionalised CNT yarn with 
hexa(methoxymethyl) 
melamine (HMMM). 
Reprinted from ref.  31  with 
permission from Elsevier       

  Fig. 4.19    FIB–SEM images of untreated ( a ) and the cross-linked ( b ) CNT yarns. Reprinted from 
ref.  31  with permission from Elsevier       
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sections made through the yarns using FIB milling revealed a core–sheath struc-
ture (Fig.  4.21 ). However unlike that formed using the standard spinning process, 
there is a high-packing- density sheath and a low-density core with many macro-
scopic voids. Furthermore the cross sections confi rm that the CNTs within the 
sheath are lying straight and parallel to yarn axis due to the twistless process, 
again in contrast to that for yarns produced using the standard spinning process. 
The improved modulus of 41 GPa vs. 14 GPa for the standard process was attrib-
uted in part to the greater packing density and alignment observed within the FIB-
milled sections of the sheath.

4.4.3         Multifunctional CNT Yarns 

 Prof Baughman’s group at the University of Texas at Dallas have also reported that 
CNT sheets and yarns are excellent host materials for heavy loading with various 
guest powders, nanofi bres and other additives via a process they term biscrolling 
[ 15 ]. Using this biscrolling technique they demonstrate various functionalities such 
as superconducting yarn loaded with magnesium diboride, fl exible yarn for Li-ion 
batteries loaded with graphene oxide nano-ribbons and photocatalytic yarn loaded 
with TiO 2  particles. 

 In their paper, FIB milling proved an excellent tool to elucidate details of 
how the guest materials are distributed within the CNT yarn and their effect on 
the CNT interior morphology [ 15 ]. Figure  4.22  shows SEM images of cross sec-
tions milled through four different CNT yarns loaded with either titanium by 
e-beam evaporation (Fig.  4.22a, b ) or TiO 2  particles by liquid-based fi ltration 
(Fig.  4.22c, d ) and aerosol deposition (Fig.  4.22e, f ). The internal structures are 
highly complex, and different morphologies and porosities can be clearly 
observed depending on the guest materials and processing method used. For 
example Fig.  4.22a, b  in which a layer of titanium is deposited onto the initial 
CNT sheet by electron beam evaporation shows a highly porous structure and 
sheet folding. In contrast a yarn formed with TiO 2  powder, Fig.  4.22c, d , shows 
a less porous structure, and evidence of a scroll formation can be discerned [ 15 ]. 
Lima et al. have also been able to engineer the yarn to form the core–sheath 
structure shown in Fig.  4.22g, h  [ 15 ].

CNT 

rollers

CNT rub densified   Fig. 4.20    Schematic 
showing the action 
of the two rollers used 
to form the rub-densifi ed 
yarns       
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4.5          Examples: Bucky-Papers 

 The internal morphology of CNT bucky-papers directly affects their porosity, 
 specifi c surface area, degree of CNT alignment and interconnects and hence dictates 
their fi nal properties such as catalytic activity, gas adsorption and electrical and 
thermal conductivities. Consequently, information regarding the bucky-paper mor-
phology is critical to better understand their properties and performance. To this end 
FIB is now used as a routine tool to reveal the bucky-paper morphology, and this 
section gives a number of examples illustrating its applicability. 

  Fig. 4.21    FIB-milled cross sections of rub-densifi ed carbon nanotube yarns. ( a – c ) SEM images of 
FIB-milled yarn cross sections. ( d  and  e ) SEM images of high-CNT-density areas. ( f ) SEM images 
of large voids in the yarn core. Reprinted from ref.  51  with permission from Elsevier       
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  Fig. 4.22    SEM images of cross sections milled through biscrolled yarns. ( a  and  b ) 70 wt% tita-
nium deposited by electron beam evaporation onto two stacked web layers and then twisted into a 
yarn in liquid; ( c  and  d ) 93 wt% TiO 2  powder deposited by vacuum fi ltration onto two stacked web 
layers. Another layer of web was then placed on top and the stacked web structure twisted into yarn 
in liquid; ( e  and  f ) TiO 2  powder deposited by aerosol onto two stacked web layers and twisted into 
yarn in air; ( g  and  h ) TiO 2  yarn made by patterned fi ltration-based deposition of TiO 2  powder on 
MWNT sheets and asymmetrical twist insertion in liquid. The patterned deposition was limited to 
a strip along the sheet’s edge spanning 15 % of its width. All of the yarns were formed by twist 
spinning a rectangular strip of CNT sheet in either air or liquid (see Sect.  4.2.2  “twist spun yarn” 
for further details   ). Reprinted from [ 15 ]   http://www.sciencemag.org/content/331/6013/51.full    . 
Reprinted with permission from AAAS       
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4.5.1     Revealing the Internal Structure of Bucky-Papers 

 As shown by Fig.  4.23 , the porosity and CNT arrangement across bucky-papers 
prepared from different CNTs can be readily accessed by gallium ion-FIB milling 
of sections. The bucky-papers shown in Fig.  4.23  were processed by vacuum fi ltra-
tion from suspensions consisting of either thin (~10 nm diameter) or thick (~50 nm 
diameter) nanotubes or a mixture of the two (1:1 ratio). Clearly the type of CNTs 

  Fig. 4.23    FIB milling reveals the porosity of bucky-papers processed from ( a ,  b ) thin (~10 nm 
 diameter) CNTs, ( c ,  d ) a mixture of thin (~10 nm diameter) and thick (~50 nm diameter) CNTs and 
( e ,  f ) thick (~50 nm diameter) CNTs. The degree of dispersion is clearly visible from the SEM cross 
section as a layered structure is formed within the mixture suggesting inhomogeneous mixing       
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used effects the bucky-paper porosity and structure. Interestingly, as seen in 
Fig.  4.23c, d , a layered structure was formed for the mixture and may indicate inho-
mogeneous mixing or different settling process during the fi ltration process.

   FIB milling also facilitates thickness measurements on bucky-papers. FIB cross 
sections were used to confi rm measurements made with a micrometer where compac-
tion of the porous bucky-paper is possible when sandwiched within the grip of the 
micrometer [ 9 ,  14 ]. This technique was also used to determine the thickness and den-
sity of bucky-ribbon structures consisting of stacked layers of aligned CNT webs (see 
Sect.  4.2.3 ) (Fig.  4.24 ). It was possible to cross section bucky-ribbon structures as thin 
as ~100 nm, corresponding to less than ten CNTs in cross section (Fig.  4.24d ).

4.5.2        Revealing the Interior of Composite Bucky-Paper 
Structures 

 Composite bucky-papers have also been investigated for various applications such 
as sensing and separation. FIB milling is particularly useful to gain a better under-
standing of how additives alter the fi nal structure and hence their properties. 

  Fig. 4.24    CNT alignment within bucky-ribbons formed from ( a ,  b ) 50 layers of stacked web 
densifi ed with acetone and ( c ,  d ) 5 layers of web densifi ed with acetone. The thickness of the 
bucky-ribbon in ( d ) is <100 nm thick corresponding to 8–10 CNTs in cross section. Some carbon 
redeposition is visible on the underside of the bucky-ribbon in ( d )       
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For example, metal nanoparticles were grown by electroless deposition within 
bucky- papers for targeted gas adsorption and catalytic activity [ 8 ]. The size of the 
gold nanoparticles as a function of the plating time and conditions was determined by 
analysis of FIB cross sections as shown in Fig.  4.25 . These FIB cross sections show 
the formation of discrete nanoparticles at short plating times (1 h). With increasing 
plating time clustering of gold nanoparticles is observed (5 h) until at long plating 
times (20–26 h) the CNTs are uniformly coated with a continuous network of gold. 
This progression of gold plating was also used to confi rm the porosity and pore size 
values experimentally obtained for the gold-plated bucky-papers by He-porosimetry 
and perm-porometry, respectively. The formation of a continuous gold network at 
long plating times was also correlated with an enhanced electrical conductivity.

   Similarly, FIB was found to be very useful to evaluate the degree of dispersion 
of poly(styrene) (PS) beads within a bucky-paper structure (Fig.  4.26 ) and the 
effectiveness of the beads for tuning the bucky-paper porosity. The PS beads 
(100 nm and 1 μm) were dispersed into solution with the CNTs and then vacuum 
fi ltered in the usual manner to form the composite bucky-paper. The bead size 
clearly has a strong infl uence on the fi nal structure. In the case of the larger 
beads, a layered structure consists of dense regions of CNTs and more porous 
regions fi lled with PS beads (Fig.  4.26a, b ). In contrast a more uniform structure 
is obtained for the smaller bead size (Fig.  4.26e, f ). Furthermore, FIB milling 
was used to reveal the cavities that formed after carbonisation of the beads 
(Fig.  4.26c, d ) with the diameter of the cavities closely matching that of the origi-
nal PS beads. Carbon shells, formed during the carbonisation of the beads, were 
also visible in the SEM images and explained the unexpected lower gas perme-
ation measured across the carbonised samples compared to the uncarbonised 
ones [ 35 ]. No technique other than FIB milling is available to reveal these carbon 
shells and so explain the change in permeation.

4.5.3        Aging and Crack Formation Revealed by FIB Milling 

 Bucky-papers were also used as membranes in a direct contact membrane distil-
lation set-up to desalinate model sodium chloride solutions [ 9 ,  14 ]. In direct 
contact membrane distillation, the bucky-paper acts as a hydrophobic barrier 
separating a solution of cold freshwater from a solution of warm saltwater while 
allowing water vapour to cross through. Although the bucky-paper membranes 
were shown to perform better than commercial Tefl on membranes of similar 
pore size, which are considered the benchmark in direct contact membrane dis-
tillation, their lifespan was found to be limited due to premature mechanical 
failure. This issue was attributed to progressive ageing of the bucky-paper mem-
branes and to micro-crack formation across the structure. FIB was used to reveal 
the cracks as well as determine that the unwanted salt transport across the mem-
branes was solely through these cracks and not by wicking within the bucky-
paper pores (Fig.  4.27 ). Electron-dispersive spectroscopy was used to determine 
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  Fig. 4.25    SEM images of bucky-paper–gold composites formed by electroless deposition of gold 
within the bucky-paper structure. The plating times are 1 ( a ,  b ), 5 ( c ,  d ), 20 ( e ,  f ) and 26 ( g ,  h ) [ 8 ]. 
The SEM images are of the surface ( left column ) and of cross sections ( right column ) milled with 
gallium ions in an FIB. All scale bars correspond to 500 nm       
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the nature of the agglomerates found to form within these cracks, and only 
sodium and chloride corresponding to the salts used in the model seawater solu-
tions were found, confi rming the ageing theory [ 9 ,  14 ,  53 ]. No similar cracks 
were found when cross-sectioning unused membranes, also confi rming mechan-
ical ageing. The origin of the crack formation was assumed to be related to the 
presence of undispersed nanotube bundles within the bucky-paper structure.

  Fig. 4.26    SEM images of the surface ( left ) and FIB-milled cross sections ( right ) through bucky- 
papers fi lled with ( a ,  b ) 1 μm diameter PS beads, ( c ,  d ) 1 μm diameter PS beads which were then 
carbonised at 150 °C for 2 h under N 2  and ( e ,  f ) 100 nm diameter PS beads [ 35 ]       
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4.6          Summary 

 FIB milling followed by SEM has emerged as an effective tool for revealing the 
internal structure and morphology of CNT yarns and bucky-papers. FIB milled 
cross sections using gallium ions avoid the severe and permanent deformation 
typical of the more conventional techniques of microtoming and freeze 

  Fig. 4.27    Surface and cross section analysis of bucky-papers used in direct contact membrane 
distillation for water desalination; if unwashed after use, NaCl salt crystals were found to be pres-
ent at the surface ( a ,  b ) and within cracks ( c ) formed over time due to mechanical ageing across 
the bucky-papers; the two inserts ( d ,  e ) were taken from ( c ) and show more clearly the build-up of 
NaCl salts within cracks through the bucky-papers. Note that the surface in ( c ) has only undergone 
“rough” FIB milling, whereas further “polishing” milling was performed for the cross sections 
shown in ( d ) and ( e )       
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fracturing, allowing the internal structure to be clearly discerned. However the 
milling strategy needs to be carefully designed to minimise redeposition of 
material onto the cross section of interest and avoid crystalline damage associ-
ated with the gallium ions. 

 The properties of CNT bucky-papers and yarns are directly dependent on 
their internal structure. Hence FIB has been fundamental to gaining a better 
understanding of their internal structure and how this can be optimised for spe-
cifi c applications. For example, using FIB milling the effect of processing con-
ditions such as twist and densifi cation on the internal nanotube yarn structure 
has been investigated and correlated with changes in tensile strength. Similarly 
for bucky- papers, FIB milling has allowed the effect of different CNT types and 
dispersion conditions on the structure to be monitored. In the case of bucky-
papers used as separation membranes in direct contact membrane distillation, 
FIB milling was able to reveal the formation of macro-cracks after use, confi rm-
ing that their lifespan was limited by ageing. FIB milling is particularly appro-
priate when studying composite structures, and readily reveals any changes in 
the micro-structure due to the various additives. 

 In summary, FIB milling is a relatively accessible and straightforward method to 
form cross sections through CNT bucky-papers and yarns and hence investigate their 
internal structure. No doubt the use and scope of FIB milling to study such structures 
will broaden in years to come and be equally well applied to other nano-structures.     
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    Abstract     A detailed description of the use of the focused ion beam (FIB) to grow 
electrical contacts is presented. The combination of FIB with precursor compounds, 
which are delivered on the area of interest by means of gas-injection systems, allows 
the growth of electrical contacts with nanometric resolution on targeted places. The 
technique has been coined focused ion beam-induced deposition (FIBID). Pros and 
cons with respect to other existing techniques for contacting are discussed. The FIBID 
contacts reported in this chapter are based on the use of Pt and W precursors, which 
result in the growth of deposits with resistivities down to 100 μΩ cm without any 
post-treatment. A comparison of FIBID with focused electron beam-induced deposi-
tion, the sister technique that uses focused electrons instead of ions, is also presented. 
The steps to follow in order to be successful in the contacting process by means of 
FIBID are described. Examples of the contacting to individual nanowires and 
nanoparticles carried out in our laboratory are shown, together with the correspond-
ing four-probe transport measurements. Below 5 K, W deposits are superconduct-
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ing and can be therefore used for zero-resistance lead contacts, superconductor-based 
nanocontacts and probing of proximity effects, opening new perspectives as 
described here.   

5.1         Introduction 

 Nanotechnology involves small dimensions, often calling for new tools and 
approaches. Whereas well-established techniques exist for metal contacting in 
micron-scale technology, the situation is different in the case of nanoscale technol-
ogy. Thus, nanostructures such as nanowires, nanoparticles, carbon nanotubes, gra-
phene and nanoconstrictions challenge the existing techniques for electrical 
contacting. Electron beam lithography (EBL) is one of the techniques available to 
perform electrical contacting to nanostructures [ 1 ,  2 ]. In EBL, several steps are 
involved such as resist spinning, electron beam exposure, resist development, metal 
evaporation and lift-off process. Some of these steps can damage the nanostructure 
to contact [ 3 ] or simply change its physical properties [ 4 ,  5 ]. Moreover, resist resi-
dues on the sample can be detrimental for subsequent experiments, such as those 
using scanning probe microscopes. On the other hand, one cannot forget that EBL 
is a multi-step time-consuming technique implying very tedious processing. 
Therefore, alternative techniques to produce electrical contacting at the nanoscale 
can be very useful, either solving the existing problems or just accelerating the pro-
cessing. One of these alternative techniques is focused ion beam-induced deposition 
(FIBID), described in Sect.  5.1.1 . 

5.1.1      Description of the FIBID Technique 

 FIBID and its sister technique focused electron beam-induced deposition (FEBID) 
are both single-step lithography techniques based on the dissociation of some 
precursor molecules by a focused ion beam (FIB) or a scanning electron micro-
scope (SEM), respectively. These techniques can be considered as focused beam-
assisted chemical vapour deposition (CVD) processes (Fig.  5.1 ). In this case, the 
energy required to break the precursor molecules is not provided thermally, as in 
CVD, but by the electron or the ion irradiation, whilst the substrate is maintained 
at room temperature. The precursor molecules are delivered onto the substrate 
surface by means of a nearby gas-injection system, and the focused beam is 
scanned on the substrate, creating a deposit with the same shape as the beam scan. 
Secondary electrons produced by the ion or the electron beam are thought to be 
the main responsible agent for the precursor molecule dissociation. Some review 
articles are recommended to the reader in order to go deeper in the FIBID tech-
nique [ 6 – 8 ]   .
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   Two signifi cant characteristics of FIBID are the fl exibility in the shape of the 
grown nanostructures as well as the achievable resolution. This is illustrated in 
Fig.  5.2 , where different nanostructures grown in our laboratory using the W(CO) 6  
precursor are shown: nanowires, dots, stars and pillars. Pillars are an example of 
another advantage of FIBID: the possibility to grow three-dimensional structures 
[ 9 ]. Regarding resolution, sub-100 nm structures are routinely achieved with FIBID. 
Figure  5.2  provides one example, a 30-nm-wide wire, but even narrower structures 
might be obtained. Essential features to grow structures of that size and below are 
the quality of the FIB column, use of low beam currents and good beam focusing on 
the sample surface. State-of-the-art Ga-based FIB columns (based on liquid ion 
metal sources) [ 6 ,  10 ] as well as He-based FIB columns (based on gaseous sources) 
[ 11 ] provide, using low currents, the required beam size, profi le and stability to 
obtain deposits with lateral resolution below 50 nm.

5.1.2        Deposition Versus Milling During FIBID 

 One diffi culty of FIBID compared to FEBID is that the deposition is competing with 
milling. The ions impacting on the sample surface are able to generate the precursor 
molecule dissociation but also sample milling. Sample milling is caused by the high 
energy and momentum of the incoming ions, which are able to produce 

CH3PtCp(CH3)3 Substrate

FEBID and FIBID techniques

Gas-injection
system

FIB or SEM scan
produces the

dissociation of 
the precursor 

molecules

SEM

FIB

  Fig. 5.1    Sketch of focused electron beam-induced deposition (FEBID) and focused ion beam- 
induced deposition (FIBID). These are, respectively, electron- and ion-assisted chemical growth 
techniques giving rise to high-resolution patterning in a single step. The precursor molecules are 
locally dissociated by a scanning electron microscope (SEM) or a focused ion beam (FIB). The 
picture shows the interior part of a dual-beam equipment, with an SEM and an FIB placed at 52°       
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surface-atom bond breaking. In order to avoid sample milling, suffi cient precursor 
fl ux to the area of interest should be provided. In the deposition process, as the pre-
cursor molecule dissociation proceeds, new precursor molecules should replace the 
dissociated molecules. This can be jeopardised if the precursor fl ux, the molecule 
residence time or its diffusion on the sample surface are too low or if the beam cur-
rent is too high. The precursor refreshment is thus crucial to avoid milling. As a 
consequence, some process parameters must be well controlled. For example, the 
precursor fl ux will be preferably high, whereas the ion beam current will be prefer-
ably low. The beam dwell time at each addressing point should be low enough to 
guarantee appropriate precursor replenishment. It can be also useful to increase the 
refresh time (time that the beam waits between consecutive passes) to allow full 
precursor replenishment. Moreover, each precursor molecule shows specifi c cross 
section for molecule dissociation as well as different stickiness coeffi cients to the 

  Fig. 5.2    Some examples of 
nanostructures grown by 
FIBID in the Laboratory of 
Advanced Microscopies 
(Institute of Nanoscience of 
Aragón, Zaragoza, Spain) 
using the W(CO) 6  precursor: 
 dots ,  pillar ,  stars ,  wire . The 
achievable resolution in the 
growth of nanowires is 
remarkable, 30 nm       
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substrate surface, which calls for detailed investigations of this effect in each case. 
Figure  5.3  illustrates this effect, where two sample depositions are compared with 
different process parameters. The used precursor was (CH 3 ) 3 Pt(CpCH 3 ). The deposit 
is a square of side 5 μm. On the left part of the image, one can observe that using the 
ion beam parameters 20 kV and 81 pA, there is appropriate growth of the sample. 
However, the right part of the image shows that the use of high beam current, 2.1 nA, 
and the same voltage produces milling instead of deposition.

5.1.3         Halo Effect 

 FIBID is accompanied by a side effect: the presence of a halo around the main 
deposit. One should learn to minimise the impact of this halo if its presence is 
 detrimental for a particular application. The origin of this halo is mainly twofold. 
First, some ions are scattered inside the main deposit to high angles, dissociating 
precursor molecules up to a few microns away from the point where the FIB is 
focused. Second, some of the scattering processes induced by the primary ions on 
the substrate can generate secondary electrons escaping away from the area of the 
main deposit and contributing to the precursor dissociation out of the main deposit. 
Together with these two factors, the use of high beam currents (nA range) produces 
extended rounded beam spots as well as redeposition of material after being milled. 
The effect is illustrated in Fig.  5.4 , where the halo around one deposit grown using 
the W(CO) 6  precursor is analysed. This deposit has width of 2 μm and thickness of 
1 μm. It was grown using beam voltage of 30 kV and beam current of 1 nA. One can 
notice that very close but away from the main deposit, the halo is composed of a 
continuous fi lm, with thickness about 10 % of the main deposit, evolving towards a 
more granular and thinner material as the distance from the main deposit increases. 

  Fig. 5.3    Deposition versus milling during FIBID process using the (CH 3 ) 3 Pt(CpCH 3 ) precursor. 
If the parameters used during deposition are not appropriate, instead of producing sample growth ( left 
image ),    there is sample milling ( right image ). In this case the beam current was too high, 2.1 nA       
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After about 5 μm, the halo has almost disappeared. The composition of the halo is 
different from the main deposit as it becomes free from Ga. Moreover, as one moves 
away from the main deposit, the ratio W/C decreases. The halo thickness usually 
increases when several deposits are grown in the same area, which can be a serious 
problem in certain applications. As an example, let us consider those deposits grown 
to contact a nano-object. If the halo thickness is large and the contacts are close, 
electrical short circuits can be produced. The use of low beam currents and the 
reduction of the main deposit dimensions (area and thickness) can be useful to mini-
mise the thickness and extension of the halo. The resistivity of the halo is expected 
to be higher than that of the main deposit due to the change in composition. The 
halo resistivity will increase as a function of the distance to the main deposit.

5.1.4        Precursors Available for Metallic Deposits 

 The available precursors for FEBID and FIBID have been extensively reviewed by 
Utke et al. [ 6 ]. These precursors can be organic compounds, carbonyls, organome-
tallic compounds, etc., and the electrical properties of the corresponding deposits 

a

b

c

  Fig. 5.4    Illustration of the halo effect which is produced during FIBID deposition. Around the 
main deposit, an unwanted residual layer is grown, spanning a few microns away. ( a ) SEM image 
of one deposit using the W(CO) 6  precursor, marking with a  dashed line  the halo around the main 
deposit. ( b ) SEM images of the halo microstructure as one moves away from the main deposit. 
( c ) Zoom-in into the microstructure of the halo as one moves away from the main deposit       
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can be metallic, semiconducting or insulating. In this section we just focus on the 
most common precursors in order to create electrical contacts by FIBID, which is 
the topic of this chapter. We will refer to Pt-based and W-based precursors, which 
are installed in most of the commercial equipment used for FIBID. For Pt-based 
contacts we use the methylcyclopentadienyl-trimethyl platinum precursor, with for-
mula (CH 3 ) 3 Pt(CpCH 3 ). This precursor is a solid compound in ambient conditions. 
In most of the published work on electrical contacting using Pt precursors, either this 
precursor or cyclopentadienyl-trimethyl platinum, (CH 3 ) 3 PtCp, is used. For W-based 
contacts, we use the tungsten hexacarbonyl precursor, W(CO) 6 . This precursor is 
also a solid compound in ambient conditions. The corresponding molecules are 
represented in Fig.  5.5 .

5.1.5        Experimental Details 

 The FIBID experiments reported along the next sections have been carried out using 
a dual-beam equipment (commercialised by FEI Company), which combines a 
30 kV SEM and a 30 kV FIB placed inside the process chamber at 52° and having 
a coincidence point, which will be the working area. The presence of the SEM 
facilitates the sample inspection before and after the FIBID process. In addition, the 
SEM also allows the growth of deposits by FEBID. We have used two dual-beam 
models in this experiment, the Nova Nanolab 200 and the Helios Nanolab 600. In 
both cases the ion column is the Magnum column, the picture of which is shown in 
Fig.  5.6 . This fi eld-emission column is based on a Ga liquid ion metal source deliv-
ering beam currents in the range of 1 pA to 20 nA. The lowest current (1 pA) cor-
responds to a beam spot of 5–7 nm, which is one of the main limitations in the 
achievable resolution.

   The precursor gas is delivered via an individual gas injector. This warrants the 
absence of crossed contamination between the different precursor chemistries. The 

  Fig. 5.5    Precursor 
molecules that are used 
in the growth of metal 
contacts by FIBID 
reported in the present 
chapter       
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precursor is inside a crucible, and, for the FIBID process, it is heated to increase the 
vapour pressure, and a valve is open, allowing the fl ow of vapour from the crucible 
into the process chamber. In our case, the Pt-based precursor is heated typically to 
45 °C and the W-based precursor to 55 °C. As shown in Fig.  5.7 , the tip of the gas 
injector must be placed close to the area of interest, so that the local gas pressure in 
the patterning area is high. Typically, the tip of the injector is set 50 μm away from 
the central point in the  x -direction and 150 μm away from the central point in the 
 z -direction.

   In the case of applications related to electrical contacts, the circuit resistance 
can be simultaneously monitored by means of electrical microprobes, as those 
shown in Fig.  5.7 . This allows high control in the electrical properties of the created 
devices. In our equipment, we use a system provided by Kleindiek Company, with 
a suitable stage to hold four electrical microprobes. 

  Fig. 5.6    ( a ) Picture of the Magnum focused ion beam column used for the FIBID experiments reported 
here. ( b ) Picture of one Ga liquid ion metal source as that used in the experiments reported here       

  Fig. 5.7    Picture plus sketch 
of a typical process 
performed inside our 
equipment to simultaneously 
grow a metallic deposit and 
investigate the electrical 
properties of the created 
device       
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 The composition of deposits grown by FIBID was analysed by energy-dispersive 
X-ray spectroscopy (EDX). These measurements were performed in a commercial 
Oxford INCA 200 EDX set-up whose detector is driven in the vicinity of the sam-
ple. The selected energy for the microanalysis is 20 kV or below. Prior to each EDX 
experiment, energy calibration was done by means of a Co sample. 

 High-resolution transmission electron microscopy (HRTEM) experiments shown 
here were carried out using a Jeol 2010F equipment operated at 200 kV (point-to- 
point resolution 0.19 nm) on Pt and W deposits grown on Cu TEM grids with a 
supporting carbon membrane.   

5.2     Pt-Based Metallic Deposits by FIBID 

5.2.1     Introduction 

 Pt-based deposits by FEBID and FIBID are commonly used to protect an area of 
interest that is subsequently sputtered by the ion beam in order to observe its cross- 
sectional view by SEM or TEM [ 10 ]. This is one of the most extended uses of 
Pt-based deposits but not the only one. When the Pt content in the deposits is high 
enough, its electrical resistivity is low enough to perform electrical contacts to 
micro- or nanostructures. This property has been used in the semiconductor indus-
try for circuit repair. The advantages (compared to other techniques such as EBL) 
are the short processing time, absence of resists and chemical products on the sam-
ple and real-time inspection of the process by SEM. On the other hand, an important 
disadvantage of this technique compared to EBL is that the contact resistance can 
be very high, jeopardising the electrical measurements and/or the device functional-
ity due to the series resistance or electrical noise introduced. Thus, a generous effort 
has been devoted to characterise the electrical contacts grown by FIBID and FEBID 
as well as to develop strategies to enhance the metal content in the deposits in order 
to decrease the deposit resistance. These include after-deposition annealing [ 12 , 
 13 ], deposition on heated substrates [ 14 ], injection of a reactive gas during deposi-
tion [ 15 ], and use of carbon-free precursors [ 16 ]. A review article on the deposit 
purity has been published [ 17 ]. 

 In order to contact a nano-object, it is important to take into account its resistivity 
and how different it is with respect to the material deposited by FIBID and FEBID. 
As a rule of thumb, if the resistivity of the micro/nano-object is in a range typical 
for a metal,  ρ  < 100 μΩ cm, it will be diffi cult to have noise-free electrical contacts 
with these techniques. Thermal effects at the contact can also give rise to spurious 
results [ 18 ]. On the other hand, semimetal and semiconductor micro/nano-objects 
( ρ  > 1,000 μΩ cm) contacted using materials grown by FIBID and/or FEBID will be 
likely measured with low electrical noise. 

 One should also consider the different effects produced by the ion and the electron 
beams on the sample of interest. FIBID tends to sputter away a few nm of the 
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sample simultaneously to the growth of the deposit and can produce Ga implanta-
tion and amorphisation on the fi rst layers of the sample, as observed by Tham et al. 
[ 19 ]. This was the reason why these authors observed ohmic contacts between GaAs 
nanowires and Pt FIBID deposits [ 20 ]. 

 There are several examples in literature where semimetal or semiconducting 
nanowires have been successfully contacted by Pt-based deposits. For example, 
Hernández-Ramírez et al. succeeded in the contacting of tin oxide (SnO 2 ) nanowires 
by Pt FEBID and FIBID [ 21 ]. These nanowires were applied for gas sensing as 
portable gas microsensors [ 22 ]. Cronin et al. contacted Bi nanowires with a thick 
oxide shell by fi rst sputtering away the oxide layer by FIB and then growing Pt 
FIBID contacts [ 23 ]. Fabrega et al. contacted TiO 2  nanotubes, with application in 
photoconductive devices [ 24 ]. Some examples exist as well on contacting of carbon 
nanotubes [ 12 ,  25 ]. 

 Although some examples have been published on the use of Pt FEBID and FIBID 
for contacting metallic wires [ 26 ,  27 ], the results are not systematic and show resis-
tivity values of the wires much higher than the bulk values, casting doubts on the 
appropriateness of these techniques to contact low-resistivity nano-objects.  

5.2.2     Thickness Dependence of the Resistivity 
of Pt Deposits by FIBID 

 As noticed by Fernández-Pacheco et al. [ 28 ], several non-coincident results have 
been published regarding the resistivity of Pt deposits grown by FIBID. The deposit 
resistivity is crucial to understand and control the contacts formed between these 
deposits and the targeted micro/nano-object. In that reference, it is argued that the 
Pt precursor is a fi rst important parameter to take into account. In literature, two 
main precursors have been used: (CH 3 ) 3 PtCp and (CH 3 ) 3 Pt(CpCH 3 ). Deposits using 
the fi rst precursor (one carbon less present in the molecule) have the lowest resistiv-
ity reported (in some case only seven times higher than that of bulk Pt, 9.7 μΩ cm) 
[ 29 ,  30 ], whereas when using the second one [ 31 – 35 ], higher resistivity is usually 
found together with a non-metallic temperature dependence. A second important 
parameter is the deposit dimensions. Vaz et al. found that the resistivity signifi cantly 
increased when the dimensions became small [ 36 ]. Although these are the most 
important parameters to consider, other growth parameters cannot be disregarded 
such as the presence of residual gases in the chamber, beam voltage and current 
used and precursor fl ux. 

 Hereafter, we show that under specifi c conditions, the deposit thickness is funda-
mental to determine the deposit resistivity, since the deposit composition varies as a 
function of thickness. Figure  5.8  shows the measurements of resistivity versus 
thickness performed in situ during the growth of a microwire, using (CH 3 ) 3 Pt(CpCH 3 ) 
as precursor. Those measurements were carried out using electrical microprobes 
compatible with the deposition process, combined with appropriate lithography 
designs [ 28 ,  37 ]. One can notice that for low thickness (smaller than ~50 nm) the Pt 
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deposits have resistivity above the theoretical limit of metallic conduction 
(~3,000 μΩ cm) [ 38 ]. Above 50 nm, the resistivity is below this threshold value and 
eventually saturates at thicknesses above 150 nm to the value of 700 μΩ cm [ 28 ]. 
Current-versus-voltage measurements performed for certain values of thickness 
(denoted M0, M1, M2, M3, M4, marked in the fi gure) indicate that samples with 
thickness below 50 nm (M0, M1, M2) show non-linear features whereas linear 
behaviour is observed for samples with thickness above 50 nm (M3, M4) [ 28 ]. This 
is an important result, indicating that, under the conditions chosen for this study, Pt 
FIBID contacts to nano-objects should not have thickness lower than 50 nm to avoid 
elevated contact resistances and undesired non-metal features (such as non-linear 
current versus voltage).

   The dependence of the Pt deposit resistivity with thickness has been explained 
by the changes in composition observed as a function of the deposit thickness [ 28 ]. 
This is illustrated in Fig.  5.9 . As measured by EDX, the atomic C content in the 
deposits is about 70 % when the thickness is lower than 50 nm, resulting in a high 
resistivity. It evolves with thickness, decreasing to about 40 % for sample thickness 
beyond 200 nm. Simultaneously, the Pt and Ga contents increase with thickness to 
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  Fig. 5.8    Resistivity as a function of deposition time and thickness for a typical wire grown by 
using the (CH 3 ) 3 Pt(CpCH 3 ) precursor. The resistivity varies by more than four orders of magnitude 
as a consequence of a change in composition. A thickness of 50 nm marks the transition between 
a non-metallic conduction ( t  < 50 nm) and metallic one ( t  > 50 nm). The resistivity saturates to a 
constant value for  t  > 150 nm,  ρ  ≈ 700 μΩ cm (about 65 times higher than bulk Pt). The maximum 
resistivity for metallic conduction in non-crystalline materials ( ρ  max ), as calculated by Mott, is 
 marked . This  line  separates the insulator NWs from the metallic ones. The numbers in  parentheses  
correspond to different probe currents during the measurements: ( 1 ): 5 nA, ( 2 ): 10 nA, ( 3 ): 30 nA, 
( 4 ): 100 nA, ( 5 ): 1 μA, ( 6 ): 3 μA, ( 7 ): 5 μA, ( 8 ): 10 μA. Reprinted with permission from [ 28 ]. 
Copyright (2009), APS       
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a saturated value of 60 % (35 % of Pt plus 25 % of Ga). These results indicate that 
in order to obtain a metallic resistivity in FIBID Pt, a high enough Pt plus Ga con-
tent is required. When this condition is fulfi lled, metallic percolation is met and the 
material is suitable for good metal contacting to nano-objects. The resistivity of 
metallic Pt deposits varies little with temperature from 300 K down to 4 K [ 28 ] as 
expected for a dirty metal [ 38 ]; hence, they can be used for nanocontacting in a 
broad temperature range.

5.2.3        Comparison Between Pt Deposits by FIBID and FEBID 

 It is illustrative to compare the behaviour of Pt deposits grown by FIBID and 
FEBID. FEBID deposits have the advantage that electrons do not produce milling. 
However, the metal content of FEBID deposits is in general low, lower than the 
percolation threshold values [ 6 ]. Some exceptions to this rule exist, such as Co 
FEBID deposits [ 39 ], but Pt deposits do not belong to this group. We have grown Pt 
deposits by FEBID, showing Pt content lower than 18 % at any tested beam energy 
and current [ 37 ]. This has a tremendous impact on the deposit resistivity. As shown 
in Fig.  5.10 , the resistivity of Pt deposits by FEBID (~10 7  μΩ cm) is four orders of 
magnitude higher than that of Pt deposits by FIBID. Also, non-linear current-
versus- voltage features are observed at any deposit thickness [ 37 ]. These fi ndings 
indicate that Pt deposits by FEBID can be applied to contact nano-objects only if 
they show high resistivity (such as semiconductors) in order to avoid the problems 
previously mentioned (electrical noise, thermal effects, etc.).

   In order to study the Pt deposit microstructure and understand its impact on the 
electrical properties, HRTEM experiments have been carried out. The HRTEM 
images shown in Fig.  5.11  allow the observation of atomic planes in the deposits. 
Both FEBID and FIBID Pt deposits consist of ellipsoidal crystalline Pt grains 
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  Fig. 5.9    ( a ). Atomic 
percentage compositions of 
Pt–C nanowires as a function 
of their thickness, determined 
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  Fig. 5.10    Representation of the resistance as a function of the inverse of thickness for one selected 
FEBID Pt nanowire and one selected FIBID Pt nanowire, which illustrates that the constant value 
expected if the Ohm law applies only occurs for the FIBID Pt deposits above ≈100 nm. Notice that 
the FEBID Pt deposits display resistivity values four orders of magnitude higher than the FIBID 
ones. Reprinted from [ 37 ]       

  Fig. 5.11    HRTEM images of a Pt nanodeposit by FIBID ( a ) and FEBID ( b ), in both cases grown 
at 30 kV beam energy on top of a TEM Cu grid covered with a thin supporting holey carbon 
membrane. One Pt grain has been selected in each case for magnifi cation and clear observation of 
the corresponding atomic planes. The fast Fourier transform of the full image gives diffraction spots 
that correspond to the (200), (111), (222) and (202) atomic planes of fcc Pt. Reprinted from [ 37 ]       

 

 

5 Nanoscale Electrical Contacts Grown by Focused Ion Beam (FIB)-Induced Deposition



108

embedded in an amorphous carbonaceous matrix. The crystalline Pt grains are 
identifi ed due to the clear observation of Pt atomic planes with the expected planar 
distances. Fast-Fourier transforms of the images show the presence of diffraction 
spots corresponding to different atomic planes of fcc Pt, with lattice parameter of 
0.392 nm. An average size of Pt crystallites has been obtained from the measure-
ment of about 50 individual grains in each image through the counting of the num-
ber of atomic planes. It is found that no matter what beam energy and current are 
used, in all FEBID and FIBID deposits the average Pt crystallite size is about 
3.2 ± 0.8 nm. The differences between the transport properties of Pt FEBID and 
FIBID deposits will thus arise from the different amounts of Pt grains in each case, 
much more abundant in the case of Pt deposits by FIBID.

5.3         W-Based Metallic Deposits by FIBID 

5.3.1     Introduction 

 W wires are relevant in the semiconductor industry for integrated-circuit intercon-
nects [ 40 ]. It was soon realised that W-based deposits by FIBID could be useful for 
circuit edit and mask repair [ 41 ]. W-based deposits by FIBID have high metallic 
content, as measured by EDX and X-ray photoelectron spectroscopy (XPS), with W 
content about or higher than 40 % [ 42 ]. In contrast with Pt FIBID deposits shown in 
the previous section, the content of the W deposit is quite homogeneous across the 
thickness [ 42 ]. The high metal content along the full thickness explains the low 
resistivity of the deposits, typically ranging between 100 and 600 μΩ cm [ 43 – 45 ], 
only 20 times higher than the bulk W resistivity, 5.6 μΩ cm. Post-annealing of these 
deposits by means of Joule heating was found to be effi cient to reduce a wire resis-
tivity from 300 to 55 μΩ cm [ 46 ]. In addition to the aforementioned properties, W 
FIBID deposits show superconductivity below 5 K, as fi rst reported by Sadki et al. 
[ 47 ]. This material can therefore be used to fabricate superconducting contacts to 
nano-objects. Superconductivity at that temperature likely arises from the amor-
phous nature of the deposit [ 42 ,  48 ]. As shown in Fig.  5.12 , HRTEM measurements 
do not give evidence for the presence of crystallites in the deposit, suggesting an 
amorphous structure, in sharp contrast with Pt deposits.

5.3.2        Low-Resistance Metallic Deposits by FIBID 
and Comparison with FEBID 

 As mentioned above, the room-temperature resistivity of W FIBID deposits is low, 
typically ranging between 100 and 600 μΩ cm, and varies little with temperature 
between 300 and 6 K [ 44 ,  45 ]. This will allow effi cient nanocontacting in a broad 
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temperature range. A comparison between the resistivity (and temperature dependence) 
of W FIBID and W FEBID deposits is shown in Fig.  5.13 . In the case of W FIBID 
the room-temperature resistivity has a value of around 100 μΩ cm, with little tem-
perature variation down to 10 K. In the case of W FEBID deposits, two samples 
grown under different electron beam current are shown. The sample grown using a 
beam current of 6.3 nA presents a W content of 42 %, with room-temperature resis-
tivity of about 0.5 × 10 4  μΩ cm, which increases up to 1.2 × 10 4  μΩ cm at 3 K. On the 
contrary, the sample grown using a beam current of 0.4 nA presents a W content of 
21 %, with room-temperature resistivity of about 6.5 × 10 4  μΩ cm, which becomes 
85 × 10 4  μΩ cm at 3 K. These results indicate that, under appropriate growth condi-
tions, W FEBID deposits can show resistivities about 10–20 times higher than 

  Fig. 5.12    HRTEM image of 
a 20-nm-thick W FIBID 
deposit grown at 30 kV and 
10 pA on a Cu TEM grid. 
The  inset  shows the absence 
of diffraction rings in the fast 
Fourier transform of the 
image       
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FIBID ones and with little temperature dependence. Thus, W FEBID deposits can 
also be suitable for nanocontacting many nano-objects. However, the growth speed 
is signifi cantly low (~10 −5  μm 3 /nC) compared to W FIBID deposits (~10 −2  μm 3 /nC) 
or Pt FEBID deposits (~10 −1  μm 3 /nC), which limits their applications.

   Similar W FEBID resistivity values and temperature dependence to the ones 
presented here have been found by Porrati et al. [ 49 ]. They also reported an increase 
of the resistivity when these deposits are exposed to air. The same effect has been 
observed by us, with changes in the room-temperature resistivity by a factor of 
2–10. In addition, they observed that electron-beam post-irradiation of the W 
FEBID samples makes the resistivity decrease [ 49 ].  

5.3.3     Superconducting Metallic Deposits Below 5 K 

 Superconductivity is a special collective electronic state in condensed matter phys-
ics that allows free-dissipation current fl ow. The absence of resistance is very attrac-
tive for the contacting of nano-objects. Figure  5.14  shows the temperature 
dependence of resistivity of a W FIBID microwire, indicating a superconducting 
transition at  T  C  ≈ 5 K [ 44 ,  47 ]. The application of an external magnetic fi eld shifts 
this transition to lower temperatures, as expected.

   Figure  5.15  displays the dependence of  T  C  with the room-temperature resistivity 
of several micro- and nanowires grown in our laboratory. All the samples show  T  C  
in the range 4.5–5.5 K. Li et al. have found  T  C  values up to 6.5 K [ 45 ]. We can notice 
in Fig.  5.15b  that the superconducting transition is quite sharp, suggesting good 
sample homogeneity. The critical current that destroys superconductivity in these 
wires is of the order of 10 5  A/cm 2  at 2 K.

  Fig. 5.14    For a W FIBID microwire, ( a ) resistivity as a function of temperature. The  inset  shows 
measurements of the resistivity under various applied magnetic fi elds. ( b ) The critical fi eld, B C2  
(defi ned at 90 % of the normal-state resistance,  ρ / ρ   n   = 0.9), as a function of temperature. An SEM 
image with the four aluminium pads used for four-point measurements is shown in the  inset , where 
the scale bar is 10 μm. Reprinted from [ 44 ]       
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   Apart from making contacts to nano-objects, which will be widely discussed in 
the following sections, W FIBID superconducting deposits have recently found 
additional applications. For example, basic studies of the behaviour of the supercon-
ducting vortex lattice as a function of magnetic fi eld and temperature have been 
carried out [ 42 ,  50 ,  51 ]. A novel re-entrance of superconductivity as a function of the 
applied magnetic fi eld has been observed in narrow wires due to size effects [ 52 ]. 
Also, W FIBID deposits have been used for the edit of superconducting circuits [ 53 ] 
and for the fabrication of three-dimensional superconducting devices [ 54 ].   

5.4     Electrical Contacts to Nanowires and Nanoparticles 
by FIBID 

 A few examples exist in literature regarding FIBID contacting of nanowires and 
nanoparticles, as mentioned before. However, several points have to be addressed to 
be successful in this aim and avoid spurious results. From our experience, these are 
the points to take care of:

•    The nanostructures should be thick enough because a FIBID process also mills 
part of them.  

•   Their properties should not be very sensitive to possible damage produced by the 
ion beam (amorphisation, implantation, milling, etc.). In any case, the exposure 
time to the ion beam should be minimised, and the use of SEM is encouraged for 
inspection.  

•   They should not be very conductive in order to avoid electrical noise and thermal 
effects. For those structures, it is more convenient to use EBL.  

  Fig. 5.15    ( a )  T  C  versus resistivity of several microwires (M1, M2, M3, M4) and nanowires (N1, 
N2, N3, N4) studied in the present work.  T  C  ranges between 4.7 and 5.4 K, with a slight tendency 
to decrease with the resistivity. Error bars come from the transition temperature width ( y -axis) and 
in the determination of the wire section ( x -axis). ( b ) Resistance (in log scale) versus temperature of 
N2 (width = 170 nm), indicating  T  C  = 5.0 ± 0.2 K. The  inset  is an SEM image of this nanowire ( verti-
cal line  with  white contrast ) and the two horizontal wires for the measurement of voltage during 
the resistance measurements, where the current fl ows through the nanowire. Reprinted from [ 44 ]       
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•   They should be long enough to avoid short circuits through the halo of the 
deposit. The contacts should be separate enough to avoid this problem or per-
form some cleaning process of the halo.  

•   Four-probe measurements are required to get reliable electrical measurements of 
a nano-object as two-probe measurements suffer from high contact resistance 
and lead resistance.    

 Hereafter, we present the successful process used to contact semimetal bismuth 
nanowires by means of W FIBID deposits [ 55 ]. To enable the patterning of nanoelec-
trodes on individual Bi nanowires they have to be deposited on a substrate. Thus, in 
the fi rst step a membrane containing the nanowires was dissolved in dichloromethane 
and a droplet of the resulting solution was placed onto a thermally oxidised Si sub-
strate where four external metallic pads of 5 μm in width had been previously micropa-
tterned by optical lithography (Fig.  5.16a ). After selecting a nanowire using SEM, the 
nanowire was contacted by four nanoelectrodes using FIBID: Two longitudinal elec-
trodes were deposited at both ends of the nanowire to allow current injection, and 

  Fig. 5.16    Different steps followed for the patterning of nanoelectrodes on an individual Bi nanowire. 
The droplet of the solution containing the nanowires has been placed on the surface of a thermally 
oxidised Si substrate ( a ) where four external metallic pads had been previously micropatterned by 
optical lithography. The part of the four nanoelectrodes closest to the nanowire is fi rst grown 
( b  and  c ). Finally, the four electrodes are connected to the four external metallic pads by means of 
W-based nanodeposits grown by FIBID (from ( d ) to ( i ))       
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other two were deposited perpendicular to the nanowire to detect the voltage drop 
across it (Fig.  5.16b, c ). Additional nanoelectrodes were subsequently grown to make 
electrical connections with the four external metallic pads (see Fig.  5.16d–i ). All 
nanoelectrodes were made of W FIBID that results in low-resistive contacts.

   After the nanocontacting process, the electrical resistance was fi rst measured in 
situ to monitor any possible change in the sample resistance when exposed to ambi-
ent conditions. Afterwards, the sample was measured ex situ as a function of tem-
perature and magnetic fi eld. The current-versus-voltage measurements in the 
nanowire were found to be linear from 300 K down to 5 K, as expected for ohmic 
contacts (see the inset of Fig.  5.17 ). This indicates that the grown contacts allow 
reliable transport measurements despite a 5-nm-thick oxide shell layer around the 
wires, as observed in HRTEM images [ 55 ]. It is very likely that the FIBID process 
produces the milling of a few nanometres of the wire, thus eliminating this oxidised 
surface layer. The resistivity at the highest and lowest temperature measured was, 
respectively, 1.83 × 10 –3  μΩ cm at 300 K and 6 × 10 –4  μΩ cm at 5 K, which are rea-
sonable values for a Bi nanowire. Magnetoresistance measurements below 10 K 
(not shown here) presented the signature of 1D weak antilocalisation effects in Bi, 
superimposed to the classical Lorentz magnetoresistance. From the corresponding 
fi ts, relevant transport parameters were obtained [ 55 ].

   The investigation on magnetic micro/nanoparticles is a hot topic due to the large 
amount of their applications. In some cases, the properties of individual particles 
can be different from their collective behaviour, meriting additional individual char-
acterisation. For example, the electrical resistivity is sensitive to grain boundaries 
and can mask the intrinsic electrical behaviour of a single nanoparticle. Also, in the 
measurement of transport properties, features related to discrete electronic states 
of nanoparticles can be smeared out when a large number of particles are probed. 

  Fig. 5.17    Temperature dependence of the resistance for the 100-nm-diameter Bi nanowire shown 
in Fig.  5.16 .  Inset : Current-versus-voltage curves taken at both 5 K and room temperature for this 
Bi nanowire       
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Therefore, there exists the need to measure the electrical transport properties of 
individual micro/nanoparticles. The small size and the rounded shape of the parti-
cles is an additional diffi culty to fabricate electrical contacts in comparison with the 
case of nanowires. Martínez-Boubeta et al. have reported the successful contacting 
of a core–shell Fe–MgO nanoparticle 250 nm in diameter by means of FIBID [ 56 ]. 
From the measurements, they were able to extract features related to the tunnelling 
mechanism governing the conductivity in the nanoparticle. 

 Here, we describe the experiments performed in our laboratory in order to con-
tact a AgCuO 2  particle [ 57 ]. In this oxide compound, spectroscopy measurements 
had revealed the existence of delocalised electrons [ 58 ], but no microscopic evi-
dence existed on the proposed metallic conduction. The particle shown in Fig.  5.18  
had approximate dimensions of 1 × 1 × 3 μm 3  and did not show any observable dam-
age caused by the ion beam used to make the contacts. The particle seemed to be the 
result of twinning, as is the case for many of the big particles obtained using a 
hydrothermal method. Nevertheless, it could be considered a single crystal since 
both twin crystals were clearly welded and aligned at the bottom face. EDX experi-
ments also showed that the particle contains both Ag and Cu in a 1:1 ratio. Contacting 
the particles was indeed highly challenging due to their height (1 μm or over) and 
their low aspect ratio 3:1.

   Once the particle was contacted, in situ four-probe current-versus-voltage mea-
surements were performed. To check the quality of the contacts, initial two- probe 
measurements were made, using alternative couples of nanocontacts. In both cases, 
a linear dependence between applied current and voltage was obtained. Linear fi t-
ting of the lines obtained for the different set of nanocontacts gave comparable 
resistance values of 250.6 and 235.0 kΩ, respectively, indicating a good quality of 

  Fig. 5.18    The  left  panel shows an SEM image of a AgCuO 2  particle contacted using Pt FIBID 
deposits. On the  right  panel, a close-up of the particle from different perspectives is shown. 
Reprinted with permission from [ 57 ]. Copyright (2010), ACS       
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the nanocontacts on the AgCuO 2  particle. Four-probe in situ measurements were 
then made using the four nanocontacts simultaneously. To avoid any risk of short 
circuit between the nanocontacts, the two intensity probes were connected to nano-
contacts placed in opposite corners of the crystal. The measurements again showed 
a linear dependence between applied current and voltage, as shown in Fig.  5.19 . 
The values obtained for the electrical resistivity are about 50–300 times lower than 
in the case of bulk non-sintered low-density pellets, where particle connections are 
expected to be quite resistive [ 59 ]. Thus, the transport results obtained on individual 
particles are strongly indicative of the metallic conduction inside the particles and 
thus of the electron delocalisation in the AgCuO 2  compound [ 57 ].

5.5        Superconducting Contacts to Nano-Objects by FIBID 

 The fi nding of superconductivity below  T  C  = 5 K in W FIBID deposits opened new 
perspectives to establish contacts to nano-objects. First, below  T  C  the W FIBID 
leads will show zero resistance, avoiding the annoying lead resistance. The value of 
the contact resistance between a superconductor and a metal is normally low [ 60 ], 
but some physical phenomena occurring at the interface such as Andreev refl ections 
can produce contact resistances that are not negligible [ 61 ]. This is why four-probe 
measurements are still preferred. Secondly, the superconducting contacts can be 
used to induce superconductivity in the nano-object due to the proximity effect, 
having access to a rich physics [ 62 ]. Thirdly, if the superconductivity is maintained 
at nanoscale dimensions, it will provide a method to probe spectroscopic informa-
tion of another nano-object through point-contact spectroscopy [ 63 ]. 

  Fig. 5.19    Current-versus- voltage plots obtained for contacted particles using Pt FIBID and W 
FIBID contacts. The  inset  shows the four probes contacting the patterned Al microelectrodes in the 
wafer, to which the metallic Pt FIBID nanowires are connected. The nanocontacted AgCuO 2  
particle is in this case the one shown in Fig.  5.18 . Reprinted with permission from [ 57 ]. Copyright 
(2010), ACS       
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 In the following, we describe some experiments performed in our laboratory 
in which W FIBID deposits are used to investigate the electrical conduction 
between nanocontacts of size a few nanometres formed by superconducting W FIBID 
deposits and ferromagnetic Co FEBID deposits [ 64 ,  65 ]. From those experiments, 
we were able to extract useful information about the physical properties of the fer-
romagnet (its spin polarisation) and the superconductor (its superconducting gap). 
Figure  5.20  shows the process followed to grow the nanocontacts. First, Pt FIBID 
wires are contacted to Ti pads previously fabricated by means of optical lithogra-
phy. Then, a W FIBID electrode is grown in the form of a wire of width equal to 
500 nm. Afterwards, a Co FEBID wire is grown with a pointed shape so that a 
nanocontact of a few nanometres is established to the W wire. The size of this nano-
contact can be controlled at a certain extent by in situ resistance measurements, 
using electrical microprobes placed on top of the Ti pads. We found that for our 
purpose of the study of Andreev refl ection phenomena, nanocontact resistance val-
ues of a few hundreds of ohms were appropriate, which corresponds to W–Co 
 contacts with sizes smaller than 5 nm.

   The samples were studied ex situ as a function of temperature and magnetic fi eld. 
The current-versus-voltage characteristics were measured at fi xed temperatures, 
from where the differential conductance as a function of voltage,  G ( V ) = d I /d V , can 
be extracted. From these results it was possible to obtain quantitative information on 
the superconductor gap and the ferromagnet spin polarisation. We analysed the dif-
ferential conductance as a function of the bias voltage using the model proposed by 
Blonder, Tinkham and Klapwijk (BTK) [ 66 ] for a contact between a normal metal 

  Fig. 5.20    Fabrication of a controlled nanocontact between a superconducting W FIBID deposit 
and a ferromagnetic Co FEBID deposit. First, FIBID Pt wires are grown to perform the contact to 
Ti metallic pads fabricated by optical lithography. In a second step, the W FIBID deposit is grown. 
The last step is the growth of the Co FEBID deposit. The in situ monitorisation of the electrical 
resistance allows one to stop the process at the desired nanocontact resistance between the ferro-
magnet and the superconductor       
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and a superconductor but extended to include the spin polarisation  P  of the metal 
(refl ecting the different spin-up and spin-down population of electrons at the Fermi 
level). The fi ttings indicated that the spin polarisation of the cobalt is 35 %, whereas 
the superconducting gap of the W FIBID wire is found to be 0.7 meV, in good agree-
ment with scanning tunnelling spectroscopy measurements    (Fig.  5.21 ) [ 42 ].

   In the following, we discuss the application of W FIBID nanostructures to induce 
superconductivity in nano-objects and to measure their transport properties. 
Kasumov et al. deposited two suspended W FIBID electrodes and fi lled in the small 
gap (few-nanometre size) with metallofullerene molecules, observing proximity 
effects and multiple Andreev refl ections [ 67 ]. HRTEM imaging previous to the mol-
ecule deposition allowed them to establish the lack of connection between the W 
electrodes. Another subsequent work used a different approach, where W FIBID 
wires were grown on the top of a nano-object [ 68 – 70 ]. This is an unreliable process 
because there is no way to verify the lack of electrical contact between the W FIBID 
wires, which present halo effects as we discussed in Sect.  5.1.3 . This halo can 
extend up to several microns away from the main deposit, and, from our experience, 
deposition on top of nano-objects makes the halo bigger. Thus, control experiments 
where the W FIBID wires are grown at similar distances on fl at substrates are not 
suffi cient to guarantee the absence of electrical contact between the W FIBID wires 
if they are grown on top of the nano-objects. We propose a different approach, 
which is certainly more reliable, sketched in Fig.  5.22 . In this approach, four W 
FIBID wires are fi rst grown on a fl at substrate. The electrical connection between 
these wires is then probed. If it results that the resistance between the contacts is 
fi nite, some cleaning of the halo has to be undertaken to guarantee the absence of 
connection. This can be done via oxygen plasma treatments or FIB cleaning. In the 
last step, the nano-object is placed on top of the W FIBID wires, which guarantees 
that the measured resistance comes exclusively from the nano-object. Following 
this approach, we have been able to reliably probe proximity effects on nano-objects 
with distance between the central W FIBID wires as short as 100 nm [ 71 ].

  Fig. 5.21    Differential conductivity measurements of two nanocontacts formed between a ferro-
magnetic (Co FEBID) and a superconducting (W FIBID) deposit. From fi ts of these curves, one 
can extract the ferromagnet spin polarisation and the superconductor superconducting gap. 
Reprinted with permission from [ 64 ]. Copyright (2011), Elsevier       
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5.6        Summary 

 In this chapter, the FIBID process for nanoscale electrical contacting based on the 
use of FIB and precursor compounds has been described. Pt-based and W-based 
deposits with low resistance can be produced by FIBID and have been applied for 
the contacting of nano-objects such as nanowires and nanoparticles. This allows 
probing individual objects at the nanoscale, providing information that can be sub-
stantially different to that obtained when a collective group of nano-objects is 
probed. The range of applications of FIBID has been discussed, and comparisons 
with other techniques such as FEBID and EBL have been established. In addition, 
superconducting W FIBID contacts have been described and their applications dis-
cussed. FIBID is thus a powerful technique which can be used in a wide variety of 
applications in nanotechnology.     
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    Abstract     This chapter recapitulates our work based on focused ion beam-induced 
deposition of ultrathin amorphous carbon (FIBID-C) patterns as a route towards the 
easy integration of carbon nanomaterials. The use of postdeposition thermal pro-
cessing causes structural changes, chemical modifi cation, and tuning of functional 
properties of the as-deposited FIBID-C. Particularly, in combination with metals 
our approach allows obtaining site-specifi c graphene-like features on insulators. We 
explore how to convert FIBID-C into functional materials, namely, graphene-like 
layers or diamond-like coatings, or combination with various metals. 

 First, we provide a general description of FIBID technique to frame the profuse 
detailed case of carbon deposition of ultrathin carbon micropatterns. Then, the study 
of the transformation of FIBID-C by thermal processing reveals the unique charac-
teristics of the as-deposited materials and particularities of the metal-induced crystal-
lization. A detailed section on Raman spectroscopy is included as it represents a 
powerful tool to identify any carbon form, from amorphous to perfectly crystalline, 
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and other nanostructured carbon elements. We describe the Raman scattering in 
terms of both the basics of the technique and application to the structural determina-
tion of the FIBID-C layers in the different processing stages and material structural 
   variants. In the last part, we provide additional demonstration of the  technological 
capabilities of the FIBID-C approach by testing several processing options, such as 
resistance to etching, and integration routes for electronic devices.   

6.1         Introduction: Integration of Carbon Nanomaterials 

 Focused ion beam-induced deposition (FIBID) is a direct patterning technique that 
allows versatile defi nition of features with diverse materials [ 1 ]. This chapter shows how 
to use the FIBID of ultrathin carbon patterns as an original technological platform to 
integrate several types of nanostructured carbon materials into functional structures. 

 The carbon family of nanometer-scale materials is large, as the allotropes of 
carbon range from fullerenes and carbon nanotubes (CNTs) and graphene to dia-
mond nanoparticles and ultrananocrystalline diamond or low-crystalline carbon 
forms such as diamond-like carbon and amorphous or glassy carbon nanocoatings 
(or even organic conductive thin fi lms) [ 2 ]. Relevantly, the properties of each of 
them do dramatically vary with their characteristics of morphology, atomic struc-
ture, doping, etc. making them potential elements as active and passive functional 
units for an important number of applications [ 3 ]. While sp 2  carbon networks, such 
as CNTs or graphene, endow special and exceptional mechanical, electrical, ther-
mal, chemical, and optical properties [ 4 ], carbon sp 3  systems, where diamond is the 
record of the extremes, exhibit extraordinary hardness and thermal conductivity or 
transparency among other outstanding properties, alike in nanodiamond [ 5 ]. 

 Aside from the inherent interest to use them to study their intrinsic fundamental 
properties, the group of nanocarbons is proposed as advanced materials impactful in 
the energy-, human health-, and environment-oriented developments, seen as sub-
stitute materials or added-value constituents derived from their dimensionality in 
the nanometric order. As an example, aspects like biocompatibility and chemical 
stability in physiological solutions make them suitable for sensors while especially 
promising because they could provide increased sensitivity, with additional possi-
bility to be tuned or functionalized for optimal sensing selectivity [ 6 ]. 

 A different approach is applied/implemented if products such as nanocomposites 
or powder materials are desired or, otherwise, nanometer-size defectless crystalline 
or nanostructured carbon units which could be useful, for instance, to build innova-
tive electronic devices. Their preparation also involves a wide variety of techniques 
and experimental conditions. Synthesis and integration play a noteworthy role on 
carbon nanomaterial research, where fl exibility and precise control for the produc-
tion of the nanocarbon materials and capability to determine their properties are 
often required [ 3 ]. And achieving this is very often too challenging. 

 Chemistry-based synthesis is the leading method for nanocarbon production, in 
particular for CNTs and graphene, due to the relative simplicity of chemical vapor 

G. Rius et al.



125

deposition apparatuses, relatively mild processing conditions, and commonly easily 
scalable systems and conditions (and thus, potential for mass production) [ 7 ]. 
However, it is not always capable of providing pursued architectures, such as verti-
cal alignment in CNTs or high growth rate, the reason why enhancement by physi-
cal procedures, such as plasma or RF, is often introduced into CVD systems [ 8 ]. A 
typical example is the use of plasma reactors for nanodiamond deposition. Pure 
physical methods, bulk thermal treatment and surface modifi cations as in ion bom-
bardment/deposition, such as used in the graphene growth on SiC substrates, imply 
either harsh or highly controlled contour conditions and defect-free supports or 
complex and expensive instrumentation (or a combination of these aspects). Higher 
control and structural determination of nanocarbon products often are disguised by 
impracticality for real and commercial applications. 

 An advantageous fact of the production of carbon materials is the availability of 
abundant forms of organic compounds and alternative solid carbon sources that can 
be used as precursors [ 9 ]. Ability to produce signifi cant amount of and cost- effective 
nanomaterials is one of the issues to be able to move them massively to the market 
and accomplish an impactful societal benefi t. Reproducibility of obtained products 
under equivalent conditions is also important. Being not surprising that less strict 
forms in crystalline structure, defect, and dimensionality, such as diamond-like car-
bon, glassy carbon nanofi lms, or fullerenes, were the fi rst to reach the applications 
market, a big challenge comes from the necessity to integrate nanosize carbon ele-
ments into existing technologies or establishing radically different approaches, i.e. 
(driven by), leading to the adoption of disruptive processing. The integration of 
carbon nanomaterials having very determined specifi cations and properties into 
desired confi gurations presents fabrication and control challenges. The present 
intensity on graphene research, as an effort to enable the full exploitation of its 
excellent properties, evidences the necessity to fi nd alternative procedures, for 
example, to completely integrate graphene in the standard semiconductor planar 
technologies if this is the route for future (graphene-based) nanoelectronics. The 
bottleneck points are clearly identifi ed in the use of metal as a catalyst for the crys-
tallization and the need of transfer to insulating substrates and metal etching while 
preserving ideal graphene features. At times, growth temperature is also a concern. 

 Examples of diffi culties and smart solutions to enable nanocarbon-based appli-
cations are abundant, but no fi nal solution has been proposed or established yet. 
Hereby the present approach is another of those options and follows a processing 
route and processing methods inspired on the planar technology point of view and 
strategies. Merging the carbon nanomaterial preparation and lithography in a single- 
stage processing, in other words direct patterning, plus compatibility with Si-based 
materials, the aim is to introduce our concept as an example of a robust and fl exible 
nanofabrication methodology. 

 In this chapter of the FIB nanostructures book comprised in the book series 
of Lecture Notes of Nanoscale Science and Technology of Springer Ed., we 
cover the description of our work based on FIBID of ultrathin amorphous car-
bon and its change, modifi cation, or tuning by its thermal processing and com-
bination with metals. 

6 Metal-Induced Crystallization of Focused Ion Beam-Induced Deposition…



126

 First, we review (1) the basics of FIBID technique, (2) the concept of local and 
controlled deposition techniques, and (3) the key aspects and elements of the instru-
mental. Examples of state-of-the-art applications in the literature are included. On 
this basis, we address a complete description of our processing platform based on 
FIBID of ultrathin carbon. 

 A short description on the platform design and its implementation is given. The 
patterning capabilities and limitations of our system are presented as they determine 
the characteristics of the patterned features that can be obtained, such as spatial 
resolution, minimum thickness, and control. Effect of thermal annealing is carefully 
examined, paying special attention to the metal-assisted treatment, which allows 
obtaining site-specifi c graphene-like features [ 10 ]. In this section, distinguishing 
aspects of the patterned material, chemical and atomic transformation, crystalline 
structure, and so on are provided in detail. Specifi cally, in-depth structural evalua-
tion will be based on Raman spectroscopy for its tradition, abundant references, and 
therefore power to precisely describe the characteristics of carbon materials and as 
a confi rmation of previously presented observations. Within the section on Raman 
spectroscopy for nanocarbon analysis, a short introduction to the basics of Raman 
scattering and instrumentation as well as review of the signatures for all the carbon 
allotropes are included. Following this basic analysis of the processing products 
from a materials point of view, a signifi cant part is dedicated to illustrate the versa-
tility and fl exibility of the FIBID-C approach. Therefore, examples of process abil-
ity, such as etching or diverse substrates, other compatible metallic materials to 
assist heat treatment, and original confi gurations and integration methods for mac-
roscopic interfacing of the nanostructured carbon features are shown. 

 The chapter concludes with a simple summary of the work presented here and a 
brief comment on the potential of mask-less ion beam-based deposition/patterning 
as well as manufacturing capability.  

6.2      Focused Ion Beam-Induced Deposition 

 Most of the actual focused ion beam equipment is combined with an electron beam 
column to allow the observation of modifi ed surfaces as well as a gas injection sys-
tem (GIS) to allow the modifi cation of the surface, either by ablation, enhanced 
etching or ion-induced deposition. This, in combination with electrical probes 
inside the chamber, and the usual SEM detectors convert the actual FIB systems in 
real “nanolaboratories,” where prototyping is combined with in situ physical, chem-
ical, and electrical characterization. 

 A key technology for such success is the introduction of a small injector (nozzle) 
that is able to locally deliver a gas over the surface. This is based normally on some 
kind of organometallic compound that the ions from the FIB conveniently dissoci-
ate in a metal part, deposited on the surface, and a volatile part evacuated through 
the normal vacuum system of the equipment. The resolution, then, depends  primarily 
on the incident beam. 
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 The possibility to deposit different kinds of metals or even insulators, combined 
with normal milling, opens a wide window of prototyping at the nanoscale. In the 
following we review the technique of FIBID, materials, limitations, and different 
applications. 

6.2.1     Technique 

 Typically in SEM, when zooming out, the contamination of the surface due to 
hydrocarbons present in the chamber has been always observed. In this process, the 
hydrocarbons present in the chamber and the surface of the sample are fi xed on the 
sample under the presence of an energetic charged beam, in this case, electrons. 
Many efforts have been made to solve such issue: actual systems are oil- free 
pumps, so the main source of contamination is the sample itself. Plasma cleaners 
or liquid nitrogen cold traps can be added today to any SEM chamber to avoid 
contamination [ 11 ]. 

 The principle described to burn contamination on the sample is essentially the 
same used for FIBID and focused electron beam-induced deposition (FEBID). The 
physical processes involved are equivalent for both types of charges and rely on the 
ability of the primary beam and the generated secondary electrons (SE) to dissociate 
the molecules delivered by the nozzle and adsorbed onto the surface, by breaking 
some of the bonds of the molecule and creating volatile products (mainly H- and 
O-related compounds) while depositing the desired element [ 12 ]. 

 Figure  6.1  depicts the principle for the deposition process. A nozzle is closely 
placed above the surface of the sample, typically few hundred μm, at a certain 
angle, in an arrangement that does not disturb the ion path to the sample (typi-
cally, 30–60°). The injector is connected to a gas reservoir (in gas, liquid, or solid 
phase) with some heater to achieve and control the ejection of the gas through the 
nozzle. In such situation the vacuum is reduced locally over the surface and must 
be monitored and dynamically controlled to avoid contamination of the ion col-
umn. Calibration of the distance of the nozzle to the surface, and adjustment of the 
temperature of the reservoir, is necessary to obtain a proper fl ux of the gas. To 
achieve this control, protocols for cleaning the nozzle from undesired outgassing 
or contamination are used. The nozzle is normally controlled by motors for fi nely 
adjusting its position. If the distance from the nozzle is too high the feed of gas 
component to the surface would be ineffi cient, ultimately leading to a milling 
dominant scheme, and, if too close, the probability to trap non-dissociated mole-
cules on the deposited material increases, thus contaminating the deposited mate-
rial. The temperature control is used to promote the gas fl ux towards the surface, 
but at excessive temperature the gas may become unstable due to thermal effects. 
The incidence angle also plays a role, and although in most commercial systems 
the primary position of the injectors is fi xed, the angle of incidence must be care-
fully chosen to obtain good deposition effi ciency, both in rate and composition of 
the deposited material.
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   After (and then during) the gas delivery, the beam scans the surface in the pres-
ence of the adsorbed molecules and decomposes them into volatile and nonvolatile 
products. Simultaneously, the ion beam interacts with the surface, so there is always 
a balance between the sputtering yield and the deposition yield achieved by the 
chosen specifi c conditions. 

 Initially the beam impacts the bare surface of the substrate with some of the 
adsorbed molecules; therefore, some sputtering of the substrate is always occurring, 
which could be undesirable for some applications, as the surface undergoes little 
modifi cation or damage. As the fi lm starts to grow up, the sputter to deposition com-
petition is related to the deposited material. This is an important difference with 
respect to FEBID, as electrons do not physically damage the surface. On the other 
hand, as ions do not penetrate to the substrate as electrons do, in some cases, the pro-
tection on inner parts of the substrate, which could allocate active devices, gives pref-
erence to the use of ions to avoid charge trapping caused during the FEBID process. 

 At the end of the process, and if the right conditions are selected, the residual 
injected gas together with the volatile part of the decomposition is evacuated through 
the normal vacuum system of the equipment, leaving the nonvolatile part as a layer 
of deposited material. 

 It is accepted that the SE are responsible for breaking the molecular bounds of 
the injected gas, typically an organometallic, as there is a correspondence on the 
energies, but this does not fully explain the differences in deposition rate between 

  Fig. 6.1       Principle of FIBID. The precursor molecules are adsorbed on the surface, and the ion 
beam dissociates them into a volatile part and the desired deposited material. Also impurities due 
to Ga +  and volatile molecules are incorporated to the deposited material. Adapted from [ 1 ]       
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ion- and electron-induced deposition [ 1 ], so it seems that the primary beam also 
plays a role in the decomposition of the adsorbed molecules and fi xing of the mate-
rial. Finally, the best is always to calibrate the rates for each material to be deposited 
and for each specifi c support. 

 An important parameter to obtain good deposition conditions is the beam cur-
rent of the incident ion beam. This is in close relation with the area to be deposited 
and the algorithm to perform the deposition. Several methods can be implemented, 
and all commercial apparatuses deliver automated routines for such purposes. The 
main notion is that the higher the current the faster the deposition, but this also 
increases the sputtering yield, so a compromise must be found. Beam diameter 
also correlates with the current so that higher current implies lower spatial resolu-
tion. For Pt, for example a good working point is around 2–6 pA/μm 2  [ 13 ]. As a 
rule of thumb, the current (in pA) to be used comes from multiplying by 5 the area 
to be scanned (in microns). For example, an area of 2 × 2 μm 2  can be scanned at a 
current of 20 pA (i.e., 2 × 2 × 5). The routine for scanning is also important to mini-
mize the dwell time at each point to avoid the dominance of the milling process, 
and related to this, the step size also must be selected to avoid incident beam over-
lap, which increases the milling probability. Depending on the software/equip-
ment used, all these parameters can be selected directly (setting for example the 
step size and dwell time) or indirectly (for example, by setting the scanning fre-
quencies over the area to be exposed). 

 In summary, once the material to be deposited is selected for the application, the 
important rules are to have clean samples to deposit the material, well-calibrated 
precursor deposition, clean nozzles, and reservoirs at a stable temperature. Then the 
area (pattern) and thus the current to be used must be selected.  

6.2.2     Precursor Materials and Deposited Materials 

 Many materials can be deposited by FIBID, from gas, liquid, or solid phase, and 
even the same material can be deposited using different precursor chemistries. 
Utke et al. [ 1 ] made an excellent review for the focused electron beam- and ion 
beam- induced deposition, covering all aspects of the process for deposition, the 
chemistry research for new components, and the characteristics of many depos-
ited materials. 

 However, most of the FIB users usually work with commercial equipment and 
use commercial precursors available from the same company, which leads to a few 
typical materials to be deposited, depending on the type of GIS (from gas or solid 
phase essentially)    (Table  6.1 ).

   Nevertheless, the increasing demand for nanotechnology platforms, like the FIB 
equipped with an electron column and a GIS, is pushing the research and develop-
ment of new and safe chemistries to be used in normal working laboratories, giving 
the opportunity to fabricate new and more exotic devices at the nanoscale using all 
sorts of elemental materials [ 1 ]. 
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 Depending on the application, the purity of the deposited material is of highest 
importance. In other words, it is not the same to apply FIBID to protect a layer, e.g. 
when preparing a lamella for TEM inspection, than to prepare a device with an 
active layer deposited by FIBID. Hence, the determination of the properties of the 
deposited material is essential. Chemical composition, electrical conductance, and 
mechanical properties are among the interesting parameters to be determined 
depending on the application. 

 Table  6.2  summarizes some reported results for FIBID. In general the result of 
the deposition is a mixture of the desired compound material, with some residual 
carbon and gallium. The percentages vary upon precursor and conditions, and, in 
general, a better conductivity is achieved with ions rather than electrons, which 
gives deposited material with higher carbon concentration. However, sometimes it 
is likely that the surface is damaged with Ga +  for the ion-induced deposition; thus, 
a compromise must arise between yield, properties, and Ga +  damage or contamina-
tion. For W deposition, for example, Luxmoore et al. [ 17 ] found for FIBID a resis-
tivity one order of magnitude lower than FEBID, and even at low temperature the 
FIBID material exhibited superconductor properties which was not the case for the 
FEBID tungsten. Deposition of Pt also gives two or three orders of magnitude 
higher resistivity for the FEBID, as seen by Langford et al. [ 15 ], where annealing is 
also a possibility to improve the conductivity, as they show for FEBID Pt layers.

6.2.3        Applications and Limitations 

 The most common use for deposition is the preparation of samples to be inspected 
by different high-resolution characterization techniques, TEM, SEM, auger, SIMS, 
etc. Albeit it is a very expensive technique compared to more conventional proce-
dures, it has same exceptional advantages that make it very useful and more and 
more popular every day (indispensable at times). In TEM preparation, for example, 

   Table 6.1    Summary of the most common materials deposited and an example of some precursors 
used to deposit them   

 Material  Precursor  Compound name  Reference 

 Carbon  C 14 H 10   Phenanthrene  [ 14 ] 
 Platinum  (Me 3 )MeCpPt  (Methylcyclopentadienyl) Trimethyl platinum  [ 15 ] 
 Silicon oxide  CH 3 Si(OC 2 H 5 ) 3   Triethoxymethylsilane  [ 16 ] 
 Tungsten  W(CO) 6   Tungsten hexacarbonyl  [ 17 ] 
 Gold  C 7 H 7 O 2 F 6 Au  Dimethyl gold hexafl uoro acetylacetonate  [ 18 ] 

  Table 6.2    Composition and 
resistivity of Pt, W, and C 
deposited by FIBID from [ 14 , 
 15 ,  17 ]  

 Material  Element composition (%)  Resistivity 

 Platinum  45 Pt/45 C/5 Ga/5 O  5–1 mΩ cm 
 Tungsten  51 W/37 Pt/12 Ga/O Traces  200 μΩ cm 
 Carbon  90 C/10 Ga  100 Ω cm 
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the ability to prepare the sample with high-resolution positioning makes it practically 
the unique technique used in the semiconductor industry to prepare samples for 
atomic resolution inspection. The speed is also a factor to consider as with few 
hours the lamella is ready for inspection. Lastly, when the amount of available mate-
rials or the fragility of the sample must be considered, the FIB is the best choice for 
sample preparation [ 19 ]. As a drawback, the main considerations are the Ga con-
tamination, amorphization of the surface (10–40 nm depending on the energy used 
for the fi nal polishing), and size of the sample to be prepared, typically of few 
microns in size and depth. 

 The fi rst step in lamella preparation by FIB is the deposition of Pt or any other Z 
material to make a homogeneous protecting layer to the surface to be milled. In this 
way the so-called waterfall or curtain effect is avoided [ 20 ]. This is also useful in nor-
mal cross-section preparation, and the deposition is typically of few hundred nanome-
ters. Finally, another advantage of this method for preparation in the actual FIB/SEM 
platforms is the in situ characterization of the prepared sample, using any of the nor-
mal SEM detectors, EDS, EBSD, STEM, etc. before proceeding for TEM analysis. 

 In the semiconductor industry, FIB was used since the very beginning for mask 
repair [ 21 ] and also preparation of lamellas for TEM inspection, but the actual FIB/
SEM platforms allow the device inspection and edition, by disconnecting lines, con-
nection lines, vias preparation or milling and cleanups. All these processes deal 
with milling and deposition of Pt or W for metal contacts as well as insulating mate-
rials, which are used to either fi ll milled areas with the dielectric material during the 
edition or to protect the zones before milling edition, for example, vias defi nition, as 
the redeposition could affect the area nearby [ 22 ]. The success of this process relies 
on the ability for navigating over the sample and fi nding the structures, in many 
cases hidden few microns below the surface, so sometimes CAD navigation soft-
ware is required. After the circuit is edited, the testing is straightforward, improving 
the cycle time for mask redesign. 

 More interesting from the nanofabrication point of view is the application of the 
FIBID technique in new architectures, exploiting the capabilities of resolution and 
localization. Matsui et al. [ 23 ] developed de FIBID technique to perform 3D struc-
tures that cannot be made by any other technique, based on CAD design and a very 
fi ne control of the positioning of the beam, combined with induced deposition of 
different materials like C, Pt, or W. Also functionalization of AFM tips by selective 
deposition of material is possible, changing the properties of the AFM tip for differ-
ent purposes [ 24 ]. 

 FIBID is also used to contact nano-objects [ 25 ] or in combination with FEBID 
when the device could be sensitive to ions [ 26 ]. Resolution below 100 nm is easily 
achieved by the FIBID technique. As a result, it allows, for example, the deposition 
of very fi ne lines of W with sub-20 nm resolution, which exhibit superconductor 
properties at low temperatures [ 27 ], or fabrication of metal heaters in bimorph can-
tilevers [ 28 ] proposed to be used as nanotweezers. Devices as FET transistors, fab-
ricated in combination with FEBID [ 29 ], nanotemplates [ 28 ], or deposition of 
catalytic material for nanowire growth [ 30 ], are other applications for FIBID, 
enabling an increasing number of novel nanoarchitectures.   
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6.3     FIBID-C-Based Processing 

6.3.1     Concept of the Platform: Methodological Approach 

 As introduced, FIB is established as a key tool for the preparation of TEM sample 
specimens and used even commercially for photomask repair or restructuring of 
integrated circuits, generally as a combination of milling (controlled local material 
removal) and FIBID (controlled local material addition) [ 13 ]. 

 Here we focus on an additional potential of FIB-based techniques by exploring 
some technological approach which demonstrates an alternative route for nanoma-
terial structuring taking the FIBID as the key element [ 1 ]. 

 Following some of the concepts of the basic routines for nanofabrication in the 
planar technology style, FIBID can be thought as a mixed process of bottom-up and 
top-down approaches, as it takes notions from both methodologies. In our case, 
phenanthrene molecules are used as the building blocks of the ultrathin nanocarbon 
patterns (bottom-up) that are formed by their interaction with a nanosized Ga ion 
beam, which is a miniaturized version of patterning/deposition technique, as in 
stencil or ion implantation techniques (top-down). In essence, FIBID is a litho-
graphic technique for direct (meso/nano) patterning. 

 Our work focuses in the nanostructuring of carbon, so it is a demonstrator for only 
this kind of material. Although it retains undeniably much interest of the scientifi c 
community for presenting special structural and functional features, the processing 
concept could also be eventually transferred to other instances of materials. 

 After patterning by FIBID-C, additional heat treatment is applied to control and 
diversify the possibilities of FIBID carbon layers. We investigate the tuning of 
nanopatterned carbon-based fi lms, being particularly interested to determine the 
crystalline grade and then test and understand the formation of pure or compound 
materials, so that we are fi nally able to build a number of nanoarchitectures and 
form the diverse carbon allotropes. 

 Additionally, we propose the FIBID-C as an optional and creative way to address 
the integration of various C allotropes for device fabrication, such as electronic 
applications. Issues on FIBID-C integration and compatibility in terms of both the 
C nanomaterial and its processing (including alignment capability with other lithog-
raphy levels and techniques) are also possible to be planned and overcome, respec-
tively, as in part of a sequence or a complex system as presented in Sect.  6.3.5 . 

 The design of the experimental procedure and implementation is quite simple, 
typically involving two main steps: direct patterning and subsequent annealing. 

 The simplest version consists in deposition of ultrathin carbon patterns onto an insu-
lating silica support plus thermal treatment, typically at mid–high temperatures. More 
sophisticated heating treatments include the use of metals to catalyze crystallization or 
tailor the patterned carbon nanofi lms. Metals (Ni, Cu, Fe, Pt, …) are introduced in the 
processing sequence in various forms, such as foils, thin-layer deposition, patterned thin 
layers, or nanoparticles (metals being added either before or after FIBID-C, as an addi-
tional preparation of heat treatment or supplementary step of the whole sequence).  
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6.3.2      Patterning: Properties and Limitations 

 The FIB apparatus capabilities and specifi cations can differ from maker to maker 
and primarily as a function of the purpose application of the system. Common sys-
tems for TEM specimen preparation now combine both an electron beam and an ion 
beam column mainly to minimize the exposure to ions of the sample. 

 When ion probe system is planned for lithography of resists, fi ne surface 3D nano-
structuring, or FIBID a dedicate attachment for precise beam control is desirable, 
which consists in additional electronic beam positioning control and ultrafast beam 
shutter and preferably together with a precise, fl exible, and user-friendly design inter-
face. For the present development of nanostructured carbon based on FIBID, we used 
a multibeam system JIB-4500 from JEOL. Designed for TEM transparent specimen 
preparation rather than for high-resolution processing, it does not include a lithogra-
phy accessory and has several automated routines which implies that there will be 
intrinsic limitations in some aspects of the patterning, as we specify and describe next. 

 The gallium ion beam is operated at 30 kV and using the smallest probe that is 
allowed for FIBID by the software, which is the beam current of 300 pA (smaller 
apertures are available only to be used for bare ion exposure). In these conditions, 
focused beam has a diameter of ~42 nm, one of the aspects restricting the attainable 
spatial resolution. Related to this, most of the developments that we have been testing, 
and are presented here, are made of tens of micron size square or rectangular patterns, 
and the standard substrate is 100–500 μm thick SiO 2  thermally grown on Si wafer. 
Phenanthrene (C 14 H 10 ) is the gas precursor used in our case for the FIBID-C, although 
other organic molecules such as styrene or naphthalene can also be used [ 1 ]. 

 Performed at normal incidence angle, the experimental FIBID-C rate on SiO 2  
follows the trend as shown in Fig.  6.2a . Actually, the software only allows the mini-
mum thickness to be set to 80 nm. For the abovementioned beam conditions and to 
put it into numbers, the 40 × 40 μm 2  patterns for the thickness of 80 nm are depos-
ited in nearly 9 min, based on instrument calibration. Experimentally, to achieve the 
thin layers of typically 10–20 nm that we present here, we interrupt manually the 
deposition. Considering the experimental calibration, ~5-s (or less) deposition time 
would be needed for 40 × 40 μm 2  patterns of thicknesses of about (or below) 5 nm. 
For this deposition time the deposited thickness precision/uncertainty is not only the 
same order of the intended layer but also dominated by the operator stoppage action. 
As a result, it is practically impossible for us to study high-spatial-resolution pat-
terns or thinner layers either appropriately or robustly.

   The AFM characterization, as used for deposited thickness determination, also 
allows us to observe a few features representative of FIBID. First, smoothness (or 
low RMS) increase is a characteristic of complete layer formation, a few nanome-
ters thick. Second, typical patterning defects derive from the lateral diffusion of 
adsorbed species, beam electronic control limitations, etc., leading to notorious 
deformation of complex and dense patterns and eventually thickness nonuniformi-
ties in simple features (Fig.  6.2b ). This fact is especially relevant if pattern stitching 
or 3D nanostructures are executed. 
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 One of the powerful capabilities of FIBID is not only to perform the direct pat-
terning but also doing so onto a variety of substrates, including relatively odd sam-
ples, semiconducting, metallic, or even insulating materials. For the electrical 
insulators charging compensation by electron beam during FIBID dramatically 
enhances the pattern defi nition [ 31 ]. FIBID-C has been tested on glass samples, as 
shown later in Sect.  6.3.5 , without charge compensation. As another example we 
have tested successfully FIBID-C directly on polycrystalline metal foils, such as Ni 
or Cu. A related use that would certainly benefi t from the direct 3D nanopatterning 
fl exibility would be, for example, the nanostructuring which is compatible with 
CMOS circuitry or preserves the integrity of nanosized materials, as in [ 32 ,  33 ]. 

 The as-deposited processed material characteristics have been studied by TEM 
and XPS. In the TEM cross-sectional view, FIBID-C appears as an even, continuous, 
and uniform layer with apparently no atomic arrangement and no contamination 
(e.g., Ga from the beam). A basic point, intrinsically related to the deposition mech-
anism as explicated in previous Sect.  6.2 , is that no clear interface between FIBID-C 
layer and the SiO 2  support can be observed. XPS informs on the existence of C–H 
and C–C sp 2  bonds accounting for the incomplete phenanthrene decomposition and 
(disordered) atomic C arrangement. Supplementary structural determination of as-
deposited FIBID-C based on Raman spectroscopy is discussed in great detail in 
Sect.  6.3.4 . Morphological, structural, and chemical characteristics will suffer a sig-
nifi cant transformation as a result of the heat treatment, as explained next.  

6.3.3       Heat Transformation Versus Metal-Assisted Heat 
Transformation 

 Our interest to study the heat treatment of FIBID-C is to explore the possibility to 
overcome some of the intrinsic properties of FIBID, such as its as-deposited high 
resistance (as explained in Sect.  6.3.5 ). In other words, we explore here how to con-
vert FIBID-C into added-value crystalline materials, namely, graphene-like or 
diamond- like materials. 
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  Fig. 6.2    ( a ) Deposition rate for FIBID-C from a phenanthrene precursor onto SiO 2  and using 
30 kV Ga + ; ( b ) AFM profi le of a FIBID-C pattern, where layer smoothness and edge effects due to 
lateral diffusion are observed       
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 The thermal process is performed in a simple infrared lamp furnace MILA 5000 
from Ulvac Corp. in vacuum ambience, typically below 0.4 Pa. The system would 
allow gas fl ow during treatment, although we have not explored this option yet. 
Maximum operating temperature is ~1,100 °C, but we kept annealing temperatures 
below 1,000 °C. We obtained positive results of metal-assisted crystallization of 
FIBID-C in the ~900 °C range as well as a way to ensure sample support integrity 
and eventually reasons related with future processing compatibility. Due to com-
parison with the heating processes that include the accessory metal foil, a SiO 2  chip 
is always used to cover the FIBID-C-patterned sample during the thermal annealing 
[ 10 ]. Doing so also decreases the probability to absorb some residual elements from 
foreign materials unintentionally present in the chamber. 

 In general, we apply a fast heating rate from room temperature to the target tem-
perature in 5 min and then steady for 30 min. Natural cooling down is typically 
used, which represents about 20 min in total with a characteristic rapid temperature 
decrease down to about 500 °C in 1 min and to 250 °C in 5 min, which might be an 
especially relevant point for the heat annealing processes involving metal catalyst. 

 En exemplary optical image of FIBID-C after annealed at 975 °C is shown in 
Fig.  6.3a . The patterned features look as if no ostensible morphological distortion 
has occurred both in terms of shape and thickness (AFM assessment) and clean of 
contamination. The TEM shows that atomic C arrangement has not suffered signifi -
cant modifi cation, and effectively XPS suggests that the FIBID-C is essentially con-
stituted by a mixture of C sp 2  and sp 3  bonds and a small portion of C–O–C bonds. 
Two relevant aspects can be highlighted. FIBID-C interface with SiO 2  is now clear 
and diamond-like C–C bonds are found, and no obvious glassy-to-graphitic layer 
transition is obtained. Related to these distinctive features, we briefl y refer to and 
illustrate the mechanical properties and resistance in Sect.  6.3.5 . Parametric analy-
ses of FIBID-C patterning and heat process are discussed in depth within the Raman 
spectroscopy in Sect.  6.3.4 .

   Other groups [ 34 ] had investigated the effect of thermal treatment on FIBID-C. 
In particular, their results quantify the decrease of H contents of their fi lms beyond 

  Fig. 6.3    ( a ) Example of an annealed 10 nm thick pattern.  Long stripe  is done by pattern stitching 
(overlap seen as  brighter fringes ); ( b ) complex pattern representing TTI logo. Poor pattern defi ni-
tion is due to the density of the design in relation to limited spatial resolution of FIBID       
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773 K as well as gallium starting at 523 K, although the numbers and rate may differ 
as compared to our case primarily because they were studying signifi cantly thicker 
FIBID-C fi lms, 80–270 nm. Atomic fraction by Rutherford backscattering spec-
trometry and elastic recoil detection analysis of as-deposited FIBID-C was deter-
mined to be C:Ga:H = 87.4:3.6:9.0. 

 A different annealing mechanism is found when heating is executed including a 
metal foil, such as Ni or Cu as a catalyst for crystallization. The procedure follows well-
known techniques, for example, mimicking concepts of conventional CVD nanocarbon 
synthesis, namely, graphene and CNTs [ 4 ], or akin to standard alloying- inspired meth-
odologies [ 35 ]. The experiments not only demonstrate the possibility to convert amor-
phous FIBID-C to patterned graphene-like material but also reveal particularities 
intrinsic to the use of FIBID-patterned material and metal foil, both specifi cally. 
Remarkably perhaps it all is that especial just because we are dealing with carbon. 

 We use high-purity and commercially available Ni foils from Nilaco. After cut-
ting them into pieces slightly bigger than the processed sample, Ni foil piece is 
placed between the patterned FIBID-C sample and the capping chip, which results 
doubly useful to sustain the sandwiched structure during pumping and to promote 
fl attening of the easily bendable Ni foil. Then, the thermal treatment is applied, 
analogous to the process described above. 

 The better results for obtaining the transformation of amorphous FIBID-C into 
graphene-like patterns were achieved using 975 °C and 10 μm Ni. Thinner foils 
(5 μm) tended to melt, and thicker foils (50 μm) seemed less effi cient to induce 
crystallization, probably strongly linked to the foil stiffness. Using higher tempera-
ture also promoted certain fusion of the metal and patterned sample, whereas lower 
temperatures appear insuffi cient to sponsor graphitization of the ultrathin FIBID-C. 
Further description of these parameters is discussed in terms of Raman scattering 
characterization in the next section. Optical inspection exposes that, as in previous 
case, wafer surface keeps most of its integrity and patterns of any size, shape, and 
thickness remain on the surface, but SEM and AFM inspection reveals that eventu-
ally deformation of the patterns may be found in thickness, and roughness, as well 
as impurities (Fig.  6.4 ).

   The TEM inspection confi rms the conversion of as-deposited compact FIBID-C 
into multiple carbon layers. The impurities are identifi ed as compounds of Ni and 
silicides, which is considered to be the result of a eutectic formation, probably 
related to the escape of residual Ga. The XPS also supports qualitatively and quan-
titatively the predominance of C–C sp 2  bonds and existence of defects as clearly 
deduced from Raman spectrum signatures. 

 Again, other authors have also studied a similar idea and effectively combined 
the FIBID-C with some metallic catalyst to boost crystallization by thermal treat-
ment [ 36 ]. In that case, they propose an “autarkic” approach where the very gallium, 
from the ion probe which is used for the FIBID, is implanted. Here, not only the 
crystalline grade is not better than our route for same processing temperatures, but 
also the patterns tend to lose most of their original shape. 

 The use of the metal catalyst in the specifi c form of foils, instead of other more 
conventional strategies, such as the use of thin metal layer deposition, appears to be 
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multiplex advantageous. In addition to the convenience of allowing the synthesis 
directly on an insulating substrate such as relevant SiO 2 , spontaneous detachment of 
metal and FIBID-C patterns after cooling makes a metal etching step unnecessary. 
In summary, it would be useful for the achievement of a larger crystal domain to 
have certain control and uniformity of the metal foil, in order to guarantee the pla-
narity over the FIBID-C patterns and sample support. Besides, eventual rests of 
metal impurity and silicide particle formation limit the approach potential. 
Additionally, the minimum FIBID-C thickness available and compatible with the 
present graphitization mechanism probably discards its pertinence for strictly sin-
gle-layer graphene applications.  

6.3.4        Raman Scattering in Carbons 

 Raman spectroscopy is based on the inelastic scattering of light by matter, including 
from molecules to crystals [ 37 ]. The effect is highly sensitive to the physical and 
chemical properties of the scattering material as well as to any external perturbation 
that may modify these properties. Raman spectrometers are nowadays widely avail-
able; the technique is relatively simple to perform, is possible to carry out at room 
temperature, and, under ambient pressure, requires relatively simple or no specifi c 
sample preparation. For all these reasons and applied to the present study, Raman 
spectroscopy has historically played an important role in the structural characteriza-
tion of carbon-based materials [ 38 ,  39 ] and, in particular, is commonly used to 
characterize all sp 2  carbons from bulk to low-dimensional objects, such as 3D 
graphite, 2D graphene, 1D CNTs, and 0D fullerenes [ 40 – 45 ]. 

 In a Raman scattering process with incident photon energy  ħω  L , the scattered 
photons,  ħω  s , have lost (Stokes scattering) or gained (anti-Stokes scattering) the 
energy  ħω  of an elementary excitation, for instance, a vibrational excitation in mol-
ecules or phonons in solids:

  Fig. 6.4    Examples of products of Ni-assisted thermal annealed of FIBID-C. ( a ) AFM image of a 
relatively low roughness area; ( b ) SEM image of another feature where some impurities, Ni pre-
cipitates, embedded in the FIBID-C pattern can be observed       
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   � � ∓ �w w wS L=    ( 6.1 )    

  The Raman scattering is sensitive to probe the local atomic arrangement. 
Therefore, crystalline and amorphous phases as well as the infl uence of strain can 
be detected in the Raman vibrational spectra. 

 In a fi rst-order Raman process, light is absorbed with the energy and momentum 
of the incident photon, and the scattered light is typically downshifted by the energy 
of a phonon with momentum equal to the momentum difference between the inci-
dent and scattered light. The wavevectors of the phonons thus produced are there-
fore very small compared to the size of the Brillouin zone, BZ ( q  ~ 0,  

�
q    being the 

wavevector transferred to the excited phonon). These phonons near the Γ-point are 
Raman-active modes in the solid state. 

 In a second-order Raman process, the requirement of  q  ~ 0 is relaxed, and a pair 
of  q  ≠ 0 phonons with wavevectors  q  and − q  are relevant. The second (and higher)-
order Raman processes generally give a broad background signal in the Raman 
spectra. Such higher order processes can have large intensities, comparable to the 
fi rst-order process when two of the three intermediate states in the two-phonon scat-
tering (or one-phonon and one-elastic scattering) process are real electronic states. 
Then, the double-resonance (DR) effect results in spectral features as intense as the 
fi rst-order resonance Raman process. Because of the DR Raman process, sp 2  car-
bons show a strong Raman feature, and we are able to detect the Raman signal of a 
single monolayer graphene or of a single CNT. 

6.3.4.1     Instrumentation 

 The basic setup for the Raman scattering experiment consists of an excitation laser, 
a monochromator, and a detector. An interference fi lter is needed before the sample 
to remove plasma lines (or luminescence) from the lasers. For the excitation, typi-
cally both discrete excitation energies from Ar:Kr and He:Ne lasers and tunable 
Ti:sapphire and dye lasers are used. Both Ti:sapphire and dye lasers are usually 
pumped by an Ar ion laser with output power of ~6 W. The Ti:sapphire laser pro-
vides tunable output wavelengths in the near-infrared (NIR) range, and the dye 
lasers allow to change the output wavelengths in the visible region, and the specifi c 
wavelength range depends on the kind of dye solution used. 

 When we use one laser energy and observe the intensity of the scattered photons 
as a function of the shift of energy in cm −1  from the incident light (the Raman shift, 
refer to expression ( 6.1 )), this plot is called a Raman spectrum, from which we 
determine the phonon energy and its spectral width. The Raman spectrum is 
observed by passing the scattered light through a monochromator which disperses 
the light entering the instrument. At the zero energy shift a strong Rayleigh or elasti-
cally scattered signal exists which needs to be eliminated. 

 The separation of the Raman signals from the much stronger elastically scattered 
light has been achieved in the past by use of double or triple monochromators. The 
technical solution used nowadays is Raman spectrometers consisting of a holographic 
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notch fi lter for stray light suppression and a single grating spectrograph. The notch 
fi lters suppress the incident laser light by a factor of more than 10 6 , while the rest of 
the spectrum is transmitted with a high effi ciency (close to 100 %). In this way, a more 
intensive Raman signal is obtained with a single monochromator (usually 10–100 
times stronger). For recording the scattered light, the charge-coupled devices (CCD) 
are nowadays used in the most Raman spectrometers. They have very high quantum 
effi ciency over a broad spectral range and very low dark count level when cooled. 

 In micro-Raman measurements, an optical microscope is attached to the system so 
that we can get a spatial resolution of the order of the wavelength of light. The main 
additional option is the motorized stages for XY(Z) mappings. Raman maps are 
images generated from spectra recorded at discrete points of the sample (where the 
recording is automated). Recent developments in detector and computer technology 
as well as optimized instrument design have reduced integration times of Raman spec-
tra by orders of magnitude, so that complete chemical mappings can be acquired in 
seconds or minutes with high spatial resolution. They show the variation of any fi tted 
parameter (i.e., intensity, width, or position of one band) as a function of the point of 
analysis. In this way, it is possible to plot a “smart map” of the parameter (color or 
contrast scaling) superimposed with the optical image of the probed area [ 46 ].  

6.3.4.2     Raman Spectra of Diamond, Graphite, Graphene, Carbon 
Nanotubes, and Amorphous Carbons 

   The Raman Spectrum of sp 3  Bonded Carbon: Diamond 

 Diamond crystallizes in the cubic diamond structure, which consists of two inter-
penetrating fcc lattices, shifted from each other by one-quarter of the diagonal of the 
unit cell. Each sp 3  bonded carbon is surrounded by a regular tetrahedron formed by 
the nearest neighbors. The diamond crystal has only one triply degenerate optical 
phonon of T 2g  symmetry near the center of the Brillouin zone. This phonon is 
observed in the Raman spectrum at 1,332 cm −1 , as a sharp line (full width half maxi-
mum <2 cm −1 ). A broad weak band appears in the frequency range of 2,100–
2,700 cm −1  associated with second-order Raman scattering.  

   The Raman Spectra of sp 2  Bonded Carbons: Graphene and Graphite 

 The Raman spectrum of diamond is easily distinguished from the spectrum of graph-
ite even though both are composed entirely of C–C bonds. The graphite spectrum has 
several bands in the spectrum, and the main band has shifted from 1,332 cm −1  in dia-
mond to 1,582 cm −1  in graphite as it is composed of sp 2  bonded carbon in planar sheets 
in which the bond energy of the sp 2  bonds is higher than the sp 3  bonds of diamond. 
The higher energy of the sp 2  bonds in graphite pushes the vibrational frequency of the 
bonds and hence the frequency of the band in the Raman spectrum to a higher fre-
quency. The 1,582 cm −1  band of graphite is known as the G band. 
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 Graphene is the fundamental building block of many important carbon materials, 
including graphite. Graphite consists of stacks of planar graphene sheets. Monolayer 
graphite, graphene, is the simplest among the sp 2  carbon systems and has, conse-
quently, the simplest Raman spectrum. Graphene is constituted by a single atom 
network of C atoms, perfectly ordered in a hexagonal arrangement. A large and 
ideal graphene sheet manifests two Raman phonon modes: the standard fi rst-order 
Raman phonon, the G band at 1,580 cm −1  arising from the in-plane bond-stretching 
vibration of pairs of sp 2  C atoms [ 43 ]. This mode does not require the presence of 
sixfold rings, and so it occurs at all sp 2  sites, not only those in rings. It always lays 
in the range of 1,500–1,630 cm −1 , as it does in aromatic (e.g., phenanthrene) and 
olefi nic molecules [ 47 ]. The second band is a band at <2,700 cm −1 , historically 
named G′, since it is the second most prominent band always observed in graphite 
samples [ 48 ]. However, we now know that the G′ band is due to second-order 
Raman scattering. Thus, we refer to the G′ band as the 2D band. The evolution of 
the 2D band for different graphene sheets has been used for determining the number 
of graphene layers as well as for probing electronic structure through the double- 
resonance process. A symmetric and sharp 2D band (~30 cm −1 ) can be used as a 
“detector” for monolayer graphene [ 41 ,  42 ]. 

 In the presence of under-coordinated C atoms, structural defects, or edge atoms, 
the so-called defect-induced D band at frequencies around 1,345 cm −1  can be resolved, 
having a variation in the intensity correlated with the edge conditions. The D band 
involving phonons near the K zone boundary is attributed to the breathing mode of A 1g  
symmetry of aromatic rings [ 49 – 52 ]. This mode is forbidden in perfect graphene and 
involves an intervalley double-resonance process, so it only becomes active in the 
presence of disorder, i.e., activated by the relaxation of the  q  = 0 selection rule (where 
 q  is the phonon wavevector). The defect provides the missing momentum in order to 
satisfy momentum conservation in the Raman scattering process [ 53 ,  54 ]. Its intensity 
is strictly connected to the presence of sixfold aromatic rings. The D band grows in 
intensity with increasing disorder or decreasing crystal size. 

 Double resonances also can happen, as intravalley process, i.e., connecting two 
points belonging to the same cone around K or K′ [ 55 ]. This fact gives rise to the 
so-called D′ peak. Measured with the 514.5 nm excitation wavelength, D′ peak is 
centered at 1,620 cm −1  in defective samples [ 49 ]. 

 The 2D peak at ~2,700 cm −1  is the second order of the D peak [ 41 ,  49 ], and the 2D′ 
peak at ~3,210 cm −1  is the second order of D′. Since 2D and 2D′ originate from a 
process where momentum conservation is satisfi ed by two phonons with opposite 
wavevectors and no defects are required for their activation, they are always present. 
On the other hand, the D + D′ band (~2,940 cm −1 ) is the combination of phonons with 
different momenta, around K and Γ, and thus requires a defect for its activation. 

 There are clear differences between the Raman spectra of graphene and graphite. 
A change in the shape and intensity of the 2D peak of graphene exists compared to 
bulk graphite. The 2D peak in bulk graphite consists of two components 2D 1  and 
2D 2  [ 49 ,  50 ], roughly 1/4 and 1/2 the height of the G peak, respectively. On the 
contrary, the line shape of the 2D band of single-layer graphene is unique compared 
to multilayer graphene and graphite. It has a single Lorentzian line shape (~30 cm −1 ) 
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and a high intensity roughly four times more intense than the G peak [ 41 ]. The 2D 
band can be explained with a double-resonance Raman process [ 53 ,  54 ] and has a 
close correlation with the electronic band structure of the graphitic materials [ 41 , 
 42 ]. As the number of graphene layers increases, the electronic band structure varies 
and approaches that of graphite [ 54 ]. The line shape of the 2D band changes signifi -
cantly as the thickness increases from 1 to 4 layers. Since the line shape of the 2D 
band refl ects the electronic band structure, we can infer that the electronic band 
structure of fi ve or six layers of graphene is very similar to that of graphite. There is 
also an overall blue shift of the 2D band with increasing number of layers. Moreover, 
the G band Raman frequency clearly downshifts with increasing number of layers 
(from ~1,585 to ~1,581 cm −1  for graphite). The G band intensity increases linearly 
with the number of layers up to ten layers, and from the relative intensity of the G- 
and the 2D bands, one can reliably estimate the number of graphene layers.  

   The Raman Spectrum of sp 2  Bonded Carbons: Carbon Nanotubes 

 CNTs are essentially rolled-up graphene sheets that have been sealed to form hol-
low tubes. Because of their unique mechanical, electrical, and thermal properties, 
CNTs are one of the most active areas in the fi eld of modern carbon nanotechnol-
ogy. Single-wall carbon nanotubes (SWCNTs) are cylindrical tubes with a single 
(outer) wall, the diameters of which are usually only 0.78–2 nm. There are also 
double-wall carbon nanotubes (DWCNTs) that have a second layer of graphene 
wrapped around a (inner) single wall. The latter are a subset of the larger category 
of multi-wall carbon nanotubes (MWCNTs) that have many layers of graphene 
wrapped concentrically around the core tube. 

 The Raman spectrum of an SWCNT bears similarity to graphene, which is not 
surprising as it is simply a rolled-up sheet of graphene. There are however two 
dominant signatures in the Raman spectra that distinguish SWNTs from other forms 
of sp 2  carbon. 

 The fi rst relates to the low-frequency feature, usually in the range of 100–300 cm −1 , 
arising from scattering by the radial breathing modes (RBM). It corresponds to sym-
metric in-phase displacements of all the carbon atoms of the SWNT in the radial 
direction. The frequency of these bands can be correlated to the diameter of SWCNTs, 
and they can provide important information on their aggregation state. 

 The second signature relates to the multicomponent features associated with the 
tangential (G band) vibrational modes of SWNTs. The G band, ranging from 1,500 
to 1,600 cm −1  in SWNTs, is originated from the Raman active optical phonon mode 
E 2g  of 2D graphene by zone folding the 2D graphene Brillouin zone into the 1D 
SWNT Brillouin zone. Due to the phonon wavevector confi nement along the SWNT 
circumferential direction and also due to symmetry-breaking effects associated with 
SWNT curvature, the G band is composed of several peaks, which can be assigned 
to different Raman modes by polarized Raman experiment. Based on a simple anal-
ysis, there are two intense peaks: G +  and G − . For semiconducting SWNTs, G +  and 
G −  stand for atomic displacements along the tube axis and the circumferential 
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direction, respectively, which is opposite for metallic SWNTs [ 56 ,  57 ]. The G band 
can also be used to distinguish metallic SWNTs from semiconducting ones through 
strong differences in line shape and to characterize doping level and strains in 
SWNTs. Neither the RBM feature nor the multicomponent G band features are 
observed in any other sp 2  bonded carbon material. 

 MWCNTs have similar spectra to those of SWCNTs. The primary differences 
are the lack of RBM modes in MWCNTs and a much more prominent D band. The 
RBM modes are not present because the outer tubes restrict the breathing mode. 
Given the multilayer confi guration a more prominent D band in MWCNTs is to be 
expected. It indicates more disorder and defects in the structure. 

 Fullerenes are molecules composed of sp 2  bonded carbon atoms that form hol-
low, cage-like structures. The arrangement of the atoms produces pentagonal and 
hexagonal (or sometimes heptagonal) rings that prevent the sheet from being planar. 
Fullerenes are highly stable chemically and have a variety of unusual properties. 
The most abundant fullerene is C 60 , the so-called buckminsterfullerene, where the 
carbon atoms are located at the vertices of a truncated icosahedron. Since C 60  has 
the icosahedral I h  symmetry (the highest possible molecular symmetry) its Raman 
spectrum is in principle fairly simple and shows only eight strong Raman lines [ 58 , 
 59 ]. The most prominent one is the so-called pentagonal pinch mode (PPM) or 
A g (2) at ~1,469 cm −1  mode that has been used repeatedly as an analytical probe for 
the structural and electronic properties of C 60  [ 60 ]. Besides investigation of pristine 
C 60  by Raman scattering, crystal fi eld effects, photosensitivity, and breaking of 
selection rules by crystal defects or isotope contamination can make the detailed 
interpretation of the spectra of fullerenes not straightforward.  

   The Raman Spectra of Mixed sp 2 –sp 3  and sp 1  Bonded Carbons: 
Amorphous Carbons 

 Typical noncrystalline, amorphous carbon (a-C) shows a broad Raman band in the 
range between 1,000 and 1,800 cm −1  (see Fig.  6.5 , lower spectrum). It can be often 
fi tted very well by two Gaussian curves on a linear background, centered at 1,300–
1,380 cm −1  and 1,520–1,580 cm −1 , respectively, if excited with  λ  L  = 514.5 nm. 
Commonly they are labeled D and G bands as in the case of disordered graphite. 
However, their frequencies and assignments differ from those observed in disor-
dered graphite, since amorphous carbon consists of a mixture of sp 2 , sp 3 , and even 
sp 1  bonding structures. Accordingly, many vibrations other than graphitic ones can 
contribute to the two bands.

   By excitation with visible light the contributions due to vibrations of sp 2  bonded 
carbon are resonantly enhanced, therefore dominating the Raman spectrum. With 
UV excitation, an additional peak, the T peak, at approximately 1,100 cm −1  appears 
[ 52 ]. This T peak is due to the C–C sp 3  vibrations. If sp 3  carbon bonding is very 
high, then this a-C can be denoted as a tetrahedral amorphous carbon (ta-C) [ 61 ]. 
For very hard, diamond-like amorphous carbon with high amount of sp 3  bonded 
carbon, the G band dominates and can be shifted to frequencies above 1,580 cm −1 . 
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 Signifi cant efforts have been devoted to quantify defects and disorder using 
Raman spectroscopy for nanographites [ 62 – 65 ], amorphous carbons [ 66 ], CNTs 
[ 67 ], and graphene [ 68 ,  69 ]. The fi rst attempt was the pioneering work of Tuinstra 
and Koenig [ 70 ]. They reported the Raman spectrum of graphite and nanocrystal-
line graphite. They noted that the ratio of the D to G intensities varied inversely with 
the crystallite size,  L  a . Later on, signifi cant laser excitation energy,  E  L , dependence 
of the intensity ratio was reported [ 51 ,  52 ]. Cançado et al. [ 64 ] measured this laser 
excitation energy dependency in the Raman spectra of nanographites, and the ratio 
between the D and G bands was shown to depend on  E   L  4  .   

6.3.4.3     Raman Characterization of Graphene-Like FIBID-C 

   Ni Foil Catalyst 

 The analysis of the synthesized products by Raman spectroscopy is based on this 
tradition and precision for the identifi cation and characterization of the structural 
properties of C materials [ 40 – 45 ]. As stated before, the positions and the relative 
intensities of D and G Raman bands give information about the fi lm’s structural 
properties. 

 A Raman spectrum of an as-deposited carbon fi lm (25 nm thick) is shown in 
Fig.  6.6 , consisting of a broad and asymmetric Raman band centered at 
~1,560 cm −1 . The broad band can be deconvoluted into two broad sub-bands, an 
intense G band at ~1,560 cm −1  and a weak D band at ~1,350 cm −1 . This kind of 
Raman signature is typical of an amorphous and highly sp 3  bonded (ta-C) with 
only short olefi nic sp 2  chains dispersed within this sp 3  matrix [ 51 ,  52 ]. Remarkably, 
due to the large optical absorption of FIBID-C, the prominent signal of the origi-
nal Si substrate, the characteristic signature of which is a sharp peak at 520 cm −1  
and a second-order Raman band at 960 cm −1 , cannot be observed at those places 
where a FIBID-C has been deposited.

  Fig. 6.5    Summary of the 
exemplary Raman signatures 
of various graphene/
graphite-like materials and 
nanostructured carbon. 
Reprinted with permission 
from Dresselhaus, M. S., 
Jorio, A., Hofmann, M., 
Dresselhaus, G., Saito, R.:. 
Nano Lett. 10, 751–758 
(2010). Copyright 2010 
American Chemical Society       
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   In a vacuum-annealed sample (e.g., 30 min at 1,000 °C) the sp 2  sites begin to 
diffuse and condense into clusters of increasing size. Aromatic rings form and pro-
duce a clear D peak in the Raman spectrum. Decomposition of C–H bonds is an 
essential part of this transformation. As the  I (D)/ I (G) ratio is a measure of the order-
ing of the sp 2  phase, the  I (D)/ I (G) ratio increase, the shift towards higher frequen-
cies of the G peak position (from 1,560 up to 1,590 cm −1 ), and the shrinking of its 
linewidth in the annealed sample are correlated to an increase of the sp 2  phase and 
of growth in size of the graphitic domains. However, the graphitization is not com-
plete or crystal relaxation is partial as understood from the broad D and G bands and 
the poor defi nition of the 2D and D′ + D bands at high wave numbers (2,600–
3,000 cm −1 ) and supported by TEM observations. 

 Figure  6.7  illustrates the metal-induced heat transformation. Raman spectra as a 
function of deposited a-C thickness for 25, 50, and 100 nm measured after thermal 
annealing at 1,000 °C during 30 min using a Ni foil as a catalyst can be checked. 
The typical Raman signatures of graphene are observed at ~1,350 cm −1  (D band), 
~1,590 cm −1  (G band), and ~2,695 cm −1  (2D band). In addition, a small shoulder in 
the G band at ~1,620 cm −1  assigned to the D′ band and the D + D′ band centered at 
2,950 cm −1  are observed.

   The feature that becomes evident upon decreasing deposited a-C thickness, see 
Fig.  6.7 , is that a larger intensity of the Raman peaks and a better resolution of the 
different Raman signatures are attained due to a reduction in the phonon bandwidth. 
Additionally, a decrease of the  I (D)/ I (G) intensity ratio occurs. Using the Ni foil 
catalysis, the  I (D)/ I (G) intensity ratio for annealed samples is typically around 0.9 
or larger, which corresponds to a crystallite in-plane size ( L  a ) of about 20 nm or 
smaller. An in-depth limiting factor and having some relation with processing time, 
transformation rate, for the metal-assisted crystallization using the present foil- 
based method, can be derived from the experimental results, where the degree of 

  Fig. 6.6    ( a ) Referential Raman spectra of the SiO 2 /Si substrate used as support ( blue line ) (* Si 
bands) and of the as-deposited FIBID-C (before thermal treatment, i.e., amorphous), showing the 
typical Raman signature of a-C ( green line ); ( b ) FIBID-C patterns annealed without catalyst as a 
function of thickness. The broad D and G bands, as well as the absence of 2D band, indicate a low 
degree of graphitization. Reprinted with permission from Rius, G., Mestres, N., Yoshimura M.: J. 
Vac. Sci. Technol. B 30, 03D113-1 (2012). Copyright 2012 American Vacuum Society       
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graphitization is inversely proportional to the layer thickness. The use of thinner C 
fi lms (below 20 nm) did not lead to larger crystallite size of the produced graphene- 
like features. And then, the rate of graphene formation for ta-C features thicker than 
100 nm is poor, as deduced from the Raman spectrum in Fig.  6.7 . 

 Based on the correlation with previously reported results [ 43 ,  64 ], our FIBID 
carbon-based nanostructures annealed using a Ni foil as a catalyst can be identifi ed 
as nanosized crystalline graphene. The AFM image in Fig.  6.4a  gives an idea of the 
resulting surface morphology after metal-assisted annealing, corresponding to one 
of the Raman spectra sites in Fig.  6.7 . 

 Raman mappings can be used to evaluate the uniformity of the resulting nanog-
raphene patterns. Figure  6.8  includes some mapping of the Raman intensity for a 
sample with an as-deposited ta-C thickness of 20 nm also processed at 1,000 °C for 
30 min, in particular, for the G mode at 1,587 cm −1  (left) and the 2D mode at 
2,693 cm −1  (right). The partial mapping reveals good uniformity of the nanogra-
phene sheet along the patterned area, although a slightly higher sensitivity of the 2D 
peak intensity as a function of position is observed.

      Cu Foil Catalyst 

 Complementarily, we have studied the effectiveness of Cu foil (10 μm thick) as 
a metal catalyst for graphene formation. Compared to Ni, we observe a less 
effective graphitization, indicated by a strong D mode and a broadened G mode 

  Fig. 6.7    Raman spectra of 25 nm ( top ), 50 nm ( middle ), and 100 nm ( bottom ) thick C features 
after annealing at 1,000 °C during 30 min. The optical microscope images show the typical appear-
ance of the patterned areas. Reprinted with permission from Rius, G., Mestres, N., Yoshimura M.: 
J. Vac. Sci. Technol. B 30, 03D113-1 (2012). Copyright 2012 American Vacuum Society       
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and a weak and broad 2D band. See Fig.  6.9  for a sample annealed at 950 °C for 
5 min; the AFM estimated fi lm thickness was ~3.5 nm. Longer thermal process-
ing times and higher annealing temperature did not lead to a better graphitiza-
tion. But more important, these parameters, both a prolonged processing time 
and a higher temperature, eventually were detrimental to sample integrity (stick-
ing of Cu foil and Si support). The fact that the melting temperature of Cu is 
lower than for Ni together with the fact that carbon solubility in Cu is very low 

  Fig. 6.8     Red -colored areas 
correspond to the partial area 
Raman intensity mapping of 
the G mode at 1,587 cm −1  
( left ) and the 2D mode at 
2,693 cm −1  ( right ) for a 
20 nm thick FIBID-C layer 
(40 × 40 μm 2 , seen as a 
 darker area ). Support is 
500 nm thick SiO 2 . Reprinted 
with permission from Rius, 
G., Mestres, N., Yoshimura 
M.: J. Vac. Sci. Technol. B 
30, 03D113-1 (2012). 
Copyright 2012 American 
Vacuum Society       

  Fig. 6.9    Raman spectra of 
~4 nm thick C feature after 
annealing at 950 °C during 
5 min using a 10 μm thick Cu 
foil catalyst       
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may explain the difference in the behavior and degree of the crystallization of 
FIBID-C patterns by Cu with respect to Ni.

   Considering now the evolution of Raman scattering with processing temperature 
we can observe that there is a clear direct correlation of D band width and annealing 
temperature. As observed in Fig.  6.10 , annealing at lower temperatures leads to 
broader Raman bands. The 2D band indicative of graphitization starts to appear on 
thicker patterns when the annealing is performed at 500 °C. This fact indicates that 
graphitization can take place at these lower temperatures. When annealing at 700 °C 
the splitting of D and G bands is more pronounced indicative of the reduction of their 
width. However, the broader D and G Raman bands observed in the spectra of sam-
ples annealed at low temperature still indicate smaller size of the graphite clusters 
and pronounced disorder of the carbon structure as compared to Ni results, indicating 
reduced effi ciency of Cu metal thermal-induced crystallization catalysis.

6.3.5              Platform Versatility 

6.3.5.1     Combination of FIBID-C and Metals: Film and Particle Deposition 

 As it has been presented along the previous sections, a basic route to modify 
FIBID-C is a supplementary heat treatment. When crystalline carbon nanomem-
branes are pursued the metal-assisted treatment of FIBID-C boosts crystallization 
albeit keeping temperatures relatively low, because it lowers activation energy. 

 After seeing the practicality of using metal foils of Ni and Cu, we complement 
our knowledge on thermal transformation of FIBID-C by some other metallic mate-
rials and several methodologies to introduce the metal catalysis. As the exemplary 
cases, Pt thin-layer deposition, NiOx nanoparticles, and micron-patterned Fe thin 
fi lms are used to illustrate the additional potential of our approach. 

  Fig. 6.10    Evolution of the Raman spectra with the FIBID-C thickness for two different tempera-
tures, ( a ) 500 °C and ( b ) 700 °C, using a Cu foil (10 μm) as catalyst       

 

6 Metal-Induced Crystallization of Focused Ion Beam-Induced Deposition…



148

 A simple way to study the effect of a metal on the thermal annealing of FIBID-C is 
depositing thin metal layers by sputtering or evaporation. Ion sputtering of ultrathin Pt 
fi lms has been tested on our standard substrate (SiO 2 ), both before and after FIBID-C. 

 Figure  6.11c, d  shows the typical morphology of Pt after 30-min heating at 
975 °C, i.e., treatments are analogous to the foil case. Decomposition of Pt thin fi lm 
is observed for all temperature range tested, which includes treatment temperatures 
above 900 °C. The as-deposited Pt fi lms were inspected by AFM to corroborate the 
continuousness of the fi lms ≥ 3.5 nm, where thicknesses of 5 and 10 nm are typi-
cally used. Slight roughness proportional correlation is observed for the Pt coating, 
as a function of deposited thickness. Although we have performed some more sys-
tematic trials, including the temperature and thickness tests and depositing Pt before 
and after FIBID-C, the discussion is here centered in the surface phenomena caus-
ing Pt nanostructuring.

   On the one hand, it is clear that Pt fi lm melts which would suggest that the inter-
action with the FIBID-C is likely. On the other hand, the contrast of, for example, 
the 10 nm thick FIBID-C pattern is rather homogeneous, which would indicate little 
metal-induced transformation. We cannot precisely and completely quantify the 
degree of graphitization by Raman spectroscopy because it may be preferentially 
circumscribed to the resulting interface between Pt and FIBID-C, but in general the 
degree of metal-induced crystallization on FIBID-C does not reach the results 
obtained using Ni or Cu foil. Even though Pt, as well as Ni, Cu, Co, etc., is known 
as an effi cient metal catalyst for the synthesis of carbon nanomaterials [ 71 ], what 
can be found on C material resembles the thermal annealing performed without 
metal, as explained in Sects.  6.3.2  and  6.3.3 . 

 The whole behavior is in accordance with the melting point depression (of Pt), 
the low solubility of C in Pt, and robustness of as-deposited FIBID-C (more details 
on this aspect are addressed later, Sect.  6.3.5.2 ). Remarkably, the formation of 
homogeneous shape Pt nanoparticles is not intrinsic to the high-temperature treat-
ment, since random clustering is observed, for example, on the bare SiO 2  (Fig.  6.11a, 
b ). This suggests that surface tension and FIBID-C roughness also play a role in the 
Pt NP formation. 

 Consequently, FIBID-C provides a convenient support to obtain controllable 
Pt particle size by adjusting the starting Pt fi lm thickness, where faceted Pt can be 
clearly observed from the thicker Pt fi lms (Fig.  6.11d ). Rather than for the purpose 

  Fig. 6.11    SEM top-view images of the effect of 975 °C annealing of ultrathin Pt layer deposited on 
SiO 2  ( a ,  b ) versus FIBID-C ( c ,  d ). Pt thicknesses are 5 nm for ( a ) and ( c ) and 10 nm for ( b ) and ( d )       
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of graphitization catalysis, this method would represent an easy way to decorate 
carbon with metal nanoparticles for sensing or catalysis. 

 Using metal-containing nanoparticles has also been tested, specifi cally, in order 
to observe the direct and local interaction of FIBID-C with the metal (Ni) under the 
thermal treatment. In particular, crystalline Ni/NiO x  NPs synthesized by sol–gel and 
precipitation method are used to observe the metal-induced crystallization. Clearer 
results are obtained when performing the FIBID-C after a low-density Ni/NiO x  NPs 
have been dispersed; simple drop casting or spin coating onto the SiO 2  support is 
used (Fig.  6.12 ).

   Combined with thin FIBID-C, below 5 nm, tubular carbon structures can be 
obtained. For thicker FIBID-C the Ni particles are found embedded (and even 
capped) inside the nanographene fi lm. The crystalline degree of the latter has been 
confi rmed by Raman spectroscopy, signature of local nanosized spots of few layer 
graphene surrounded by amorphous C (not for the tubular structures). 

 Briefl y explaining the observed phenomena, if FIBID-C layers are signifi cantly 
thinner than the average NiO x  particle size FIBID-C acts as the precursor material for 
the formation of the CNTs. The formation of the CNTs proceeds by tip growth. For 
thicker FIBID-C, the particles graphitize the immediate carbon material in a thermally 
activated process, similarly to the one seen for the Ni foil. Although a number of the 
metal-containing nanoparticles are originally oxidized, their contact with carbon dur-
ing low–middle stage of heating (>300 °C) transforms them into metallic nickel, thus 
enabling the high-temperature crystallization of adjacent FIBID-C. 

 As a last choice of metal to be exemplifi ed, thin layers of Fe simply micropat-
terned by photolithography are used as the catalyst to convert FIBID-C into 
graphene- like material. Actually, related to this development, some group [ 72 ] has 
explored patterned Fe in order to obtain site-specifi c (transfer-free) graphene FETs, 
combined with microelectrodes for the external electrical test. 

 In this work, they used Fe patterns instead of a continuous Fe fi lm which is the 
conventional catalyst form for growth of graphene by CVD. The idea allowed them 
to obtain a few layers to multilayer graphene in determined locations with reason-
ably large grain size, which can be routinely interfaced macroscopically by photoli-
thography. The best results are obtained by rather thick, about 200–500 nm, iron 
features. Obviously a metal etching is still necessary, but transfer is eluded. 

  Fig. 6.12       Crystallization of FIBID-C induced by heating process with NiO x  nanoparticles: 
( a ) Thin carbon precursor makes possible the formation of tubular structures, ( b ) while Ni particles 
embedded in nanographene are obtained for thicker FIBID-C       
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 The synthesis approach we have tested roots in a similar idea but substitutes the 
CVD stage by FIBID-C plus thermal annealing. Still in its preliminary stage of 
investigation, the temperature and processing time conditions have been similar to 
the previous cases, 975 °C and 30 min. Iron patterns are ~8, 18, and 92 nm thick, 
and FIBID-C-deposited thickness ranges from 10 to 80 nm. 

 The FIBID-C-patterned area is always designed to exceed the Fe pattern. 
Although a large number of structures can be observed as a result of thermal treat-
ment, here only the most relevant aspects are presented. In all cases, the presence of 
iron promotes crystallization to a certain extent. Particularly there is a strong cor-
relation of Fe and FIBID-C relative thicknesses. 

 For very thin Fe layers, ~8 nm, when deposited FIBID-C is also thin, same order 
~10 nm, the decomposition into particles or cracked fi lm of both FIBID-C and Fe is 
obtained. If covered by a thicker FIBID-C layer, Fe is transformed into spherical 
particles inside or underneath the FIBID-C (Fig.  6.13 ). Remarkably graphitization 
occurs both inside and outside the overlap area of FIBID-C and Fe patterns, sug-
gesting some Fe migration to accomplish metal-induced crystallization.

   For intermediate thickness of the Fe patterns, ~18 nm, severe decomposition of 
Fe features is also obtained. FIBID-C thickness test reveals that there is a threshold 
C thickness to obtain nanographene, similar to the Ni foil described in Sects.  6.3.3  
and  6.3.4 . Formation of a new compound, resembling carbide, and metal rearrange-
ment are also apparent. 

 The best (strictly) graphene obtained from FIBID-C, in absolute terms of catalyst 
confi guration method, metal material, etc. based on FIBID-C, is achieved using 
some ~92 nm thick Fe patterns. Control Fe features already account for the forma-
tion of big clusters due to the heat treatment, but the most relevant result is that the 
Fe pattern decomposition leads to the formation of graphene islands which always 
correlate with a terraced morphology underneath. It occurs when FIBID-C thick-
ness is about half–one-third the Fe layer thickness. The heat process in this confi gu-
ration leads to remote graphitization as well. 

 In brief, we hypothesize that the formation of graphene using FIBID-C and Fe 
catalyst thin patterns is a kind of carbon-derived carbide [ 7 ], i.e., graphene results 
from the precipitation of atomic C due to a saturation of the iron carbide (excess of C). 

  Fig. 6.13    SEM images of ~8 nm thick Fe layers after thermal annealing: ( a ) General view ( dotted lines  
are guide for the eye to recognize cross-like Fe pattern underneath the FIBID-C); ( b ) detailed image of 
the compound FIBID-C + Fe area. Formation of minute Fe particles beneath the C layer is apparent       
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 Summarizing this last instance, the results of Fe–FIBID-C show obvious differences in 
the graphene growth mechanism and conditions with respect to the Fe-CVD graphene. As 
learned from our experience, although as-deposited FIBID-C can be considered metasta-
ble atomically under temperature treatment it is actually a robust fi lm. Its transformation to 
graphene-like materials has a lot to do with the particular characteristics of the FIBID-C 
fi lm due precisely to its ion beam-based formation and molecular precursor.  

6.3.5.2      Processing Capability of FIBID-C: Support Materials 
and Chemical Etching 

 Within this section we relate a few aspects that have been explored in present 
FIBID-C-based approach as examples of its processing capability: universal sub-
strate patterning, etching resistance, and mechanical properties. 

 As in the assortment of compatibility of FIBID-C with the diversity of metals 
and strategies in the previous section, we skip a profound description of, for exam-
ple, the resulting interface and the deposition rate of FIBID-C for the collection of 
support materials that are tested and presented. Instead, only the materials resulting 
from heat treatment of FIBID-C are discussed. 

 One of the powerful characteristics of FIB, and particularly applicable to FIBID, 
is its potential to be applied over almost any substrate and material if the appropriate 
procedures are executed [ 32 ,  33 ], including odd surfaces and semiconducting or 
insulating materials. 

 Glass has been tested as the support for the experiments of FIBID-C plus thermal 
annealing. The main limitation in terms of FIBID may come from the fact that the 
glass has surface irregularities in the order or above of the typical FIBID thick-
nesses. As a result, deposited thickness precision decreases which roots on ion 
beam focus uncertainty. However, FIBID is a conformal technique; consequently, 
glass patterning by FIBID-C has been possible (Fig.  6.14a, b ). The most evident 
observation is a certain distortion of the pattern design, attributed to the charging, 
which is common for insulating substrates. It can be completely compensated by 
simultaneous electron beam fl ow (although this option is not available in our sys-
tem). Ni foil-assisted thermal annealing on glass works similar to SiO 2  supports as 
understood from Raman spectra while suggesting that increased glass roughness 
favors the contact of FIBID-C with the metal foil and thus crystallization (Fig.  6.14 ).

   Testing HOPG as the FIBID-C support also provides valuable information on the 
as-deposited materials as well as the deposition process itself, for example, in terms 
of electrical conduction as it will be explained with more detail in the next 
Sect.  6.3.5.3 . The deposition proceeds with no noticeable problem. Conductive 
AFM clearly shows that the as-deposited FIBID-C is basically insulating. Heat 
treatment restores the carbon surface so that electrical conduction is recovered but 
evidences that FIBID-C is not incorporated strictly ordered in HOPG or transforms 
into crystalline as a sort of epitaxy. More exhaustive and dedicated experiments 
would be needed to fully understand the complete nature of the damage and recov-
ery process of HOPG and role of FIBID-C. 
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 Preliminary tests on SiC also confi rmed that any epitaxial phenomena can be 
expected which can be easily explained as due to (1) the surface amorphization of the 
irradiated area and (2) the fi rmness of the as-deposited carbon layer, which requires 
higher temperatures, or otherwise metal catalysis, to liberate or decompose FIBID-C 
into atomic C that would eventually reconstruct into graphene-like material. However, 
SiC may be an attractive option to explore ion beam carbon deposition plus thermal 
annealing (for instance, for CNT growth due to material compatibility and combinabil-
ity). What is more, some literature indicates that FIBID-C could be a powerful approach 
for selective graphene formation in SiC, as reported in [ 73 ] done by ion irradiation. 

 Moving to chemical etching, as metal catalysts are used to promote FIBID-C 
crystallization issues concerning metal contamination naturally arise. Rests and 
impurities, as well as reaction with other metals existing on the surface, may occur 
if metal-assisted thermal treatment of FIBID-C is combined with pre-patterned sur-
faces like those described in Sect.  6.3.5.3 . As we have mentioned, the contamina-
tion by the very Ga ion beam can be neatly eliminated by some thermal annealing, 
but the presence of an additional metal may interfere. 

 Effectively, when large areas are patterned by FIBID-C and thermally treated with 
Ni foil, we observe some tendency to precipitate into the surface Ni-containing parti-
cles. The resistance of annealed FIBID-C to HCL:HNO 3  etching has been proven 
good and has allowed successful reduction of Ni remaining on surface (Fig.  6.15a ).

   Also concerning  chemical etching, an interesting property of FIBID-C that has 
notorious implications for nanofabrication is the fact that FIBID-C is inert to HF 
solution. This allows envisioning a functional role of FIBID-C patterns, as it is 
masking for pattern transfer into SiO 2  or actually using FIBID-C fi lms as an ultra-
thin structural layer for NEMS (Fig.  6.15b ). 

 Intrinsically related to this latter possibility, the mechanical properties of 
FIBID-C are also outstanding. Again from the work of Kanda et al. [ 34 ], they have 
characterized the Young’s modulus and hardness of FIBID-C fi lms and monitored 
their evolution under thermal treatment. Their results show that Young’s modules 
and hardness of ~12 and 23 GPa are characteristic of as-deposited FIBID-C and 
indicate how the thermal annealing causes their change (typically a degradation), 
associated to the H loss (and incomplete molecular bond or crystal annealing).  

  Fig. 6.14    FIBID-C on glass ( a ) and ( b ) are optical microscope images of the patterns. Pattern 
distortion, attributed to support charging, is observed; ( c ) Raman spectra before and after the 
Ni-assisted thermal annealing, where nanographene formation is confi rmed       
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6.3.5.3       Proof of Technology via Electronic Devices: Integration 
and Compatibility Issues 

 Integration of FIBID-C plus heat treatment into processing sequences including 
other lithography levels are described here, in particular, for its application as a 
component of electronic devices. 

 Correlated to the idea of integrative approaches of FIBID-C, it is worth mentioning 
that studying the metal to nanostructured carbon boundary and how to obtain low con-
tact resistance (Ohmic contacts) is intrinsically an important topic. Incorporation of thin 
carbon layers into the metal electrode has been proposed as an alternative to optimize 
nanocarbon electronics, for example, for the CNT–metal electrode interface [ 74 ]. 

 Preliminary evaluation of the electrical conduction has been done by conductive 
AFM (an AFM option where one of the electrodes is the same tip which is also used 
as the topographical imaging probe). For the conduction tests on FIBID-C the sec-
ond electrode has been manually placed using conductive carbon tape. Since man-
ual preparation is used, a large area would be needed which can be achieved by 
pattern stitching (remember that typical pattern dimensions are 40 × 40 μm 2 ). 
However, advanced beam control and precise motorized stage have not been avail-
able in our system, so pattern overlap resulted necessary. The important results of 
that experiment are that they confi rmed the high resistivity of as-deposited FIBID-C, 
while it signifi cantly reduced after thermal annealing. 

 Similarly, overlapping strategy has been used to produce large areas which, this 
time, had been combined with the defi nition of macroscopic contacts/electrodes by 
wire masking. Those results were already included within reported data in [ 10 ]. Still 
the method is not ideal to determine the electrical properties of single FIBID-C. 

 FIBID-C combined with the milling capabilities of FIB may also provide original 
architectures useful for the electrical characterization and device realization. As 
depicted in the sketch, SiO 2  removal by FIB can be used to drill a hole down to the 
doped Si, which is fi lled by the same FIBID-C, and then desired FIBID-C is produced 
on the surface (ready for thermal annealing). The convenience of the confi guration has 
been demonstrated and the electrical conduction has been confi rmed by, again, con-
ductive AFM (Fig.  6.16 ). This strategy and sophisticated versions of it would be inter-
esting for example for sensing or production of particular test templates.

  Fig. 6.15    Testing FIBID-C behavior to etching processes: ( a ) Etching of Ni impurities; 
( b ) FIBID-C used as a mask for pattern transfer during SiO 2  etching       
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   Undoubtedly, the best option to provide electrical interface to FIBID-C for its 
macroscopic access is the “mix-and-match” routine, to combine FIBID with another 
precise lithography technique, as it could be photolithography or electron beam 
lithography. 

 Effectively, EBL has been the ideal tool to generate some good prototypes, hence 
allowing a more systematic study of FIBID-C variables, such as fi lm thickness or 
degree of graphitization [ 75 ] (Fig.  6.17 ). The two key points that EBL provides for 
the present case are pattern fl exibility and capability for precise positioning. Thanks 
to the precision of the EBL stage the use of marks for alignment could be avoided. 
An FIB system properly equipped would do the work similarly, or even simpler, 
since direct patterning of the metal contact could be possible.

   Bringing the considerations about compatibility of the FIBID-C approach with 
other lithography techniques to a higher degree of development, such as photoli-
thography, the obvious constraint is the thermal treatment. There are basically two 
issues for including FIBID-C plus heating as a part of multiple-step processing such 
as in microelectronic technology: (1) existing features can sustain the heat treatment 
with no or signifi cant degradation and (2) materials do not participate through 
unwanted reactions. In the simplest scenario, integration means to make it compat-
ible either with pre-patterned electrodes or alignment marks. 

  Fig. 6.16    ( a ) Example of a structure produced by combining milling and FIBID capabilities; 
( b ) proposed AFM-based methodology for testing the electrical performance of the nanoarchitecture       

  Fig. 6.17    Optical microscope images of FIBID-C patterns combined with EBL, metal deposition, 
and resist lift-off for their robust electrical testing       
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 In combination with photolithography, pre-patterned W electrodes had been 
tested (Fig.  6.18 ). In this instance, FIBID-C is performed onto the electrodes made 
of W that should sustain the thermal treatment. Effectively, no signifi cant change is 
observed after heating the W layers, but the overlap of FIBID-C and W is a weak 
point, as seen in the electrical characteristics. Again a reaction between W and C 
occurs, probably creating some carbide which is manifested in the electrode bound-
ary. Last option for compatibility with photolithography would be to perform 
FIBID-C on substrates containing alignment marks. The choice of the material has 
to be carefully studied to avoid incompatibilities and side effects (such as unwanted 
crossed reactions/alloying, degradation of the marks), especially, as already pre-
sented, if metal-induced crystallization of FIBID-C is used. Safe spacing should be 
used from each FIBID pattern to the alignment marks to avoid crossed effects dur-
ing heating, which may lead to some sort of design rules similar to those character-
istic of the resolution for each planar technology in microelectronics.

   As a fi nal remark, using topographical marks made by FIB milling, such as holes, not 
only may provide too low contrast for example for EBL alignment but also may expose 
materials during the heat treatment, like Si which is more sensitive than SiO 2  to high-
temperature process, oxidizing, desorbing, or interacting with the metal catalyst. 

 Advanced device architectures exploiting the multiple materials are typically 
available in FIB systems, e.g., TEOS and Pt, such as in the case of FET confi gura-
tion where top dielectric and gate metal contact could be also realized by FIBID, but 
have not been explored by us yet.    

6.4     Summary and Outlook 

 This chapter has compiled our work on FIBID applied to the fabrication of pat-
terned graphene-like materials. We have addressed a comprehensive description of 
the main technological points: FIBID patterning, metal-induced crystallization, pro-
cessing compatibility, and integration aspects, towards device or specifi c template 
production, with an especial attention devoted to distinguish their atomic structure, 
mainly using Raman scattering technique. 

  Fig. 6.18    ( a ) Combination of FIBID-C (20 nm thick) with pre-patterned W electrodes, ( b ) electrical 
testing after FIBID-C thermal annealing (975 °C), ( c ) AFM image of the FIBID-C, W electrodes, and 
compound area, where reaction of FIBID-C is clear at the metal-C interface       
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 Remarkably, the transition metal-assisted vacuum annealing of FIBID-C boosts 
the graphitization of the few-nm-thick patterns and benefi ts from the robustness of 
as-deposited FIBID-C to make possible a higher control upon thermal annealing. 
We have explored the capabilities of several kinds of metals, in different confi gura-
tions, and tested electrical properties thanks to the fl exibility of the FIB-based 
approach. As a prospect, the potential of the approach enables us to propose this 
platform as an inspirational concept for the development of a complete graphene 
technology based on ion beam-based deposition.     
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Abstract Focused ion beam (FIB) machining is an ideal technique for both micro- and 
nanofabrication. This chapter describes a deterministic fabrication approach to 
accurately obtain micro- and nanostructures. It starts with a detailed introduction of 
FIB machining mechanism, followed by a surface topography simulation method 
and a divergence compensation method. The effectiveness of this fabrication 
approach has been fully demonstrated through a number of experiments which 
show that the surface topography of the machined material can be precisely pre-
dicted; the divergence compensation method can reduce the machining error, and 
the machined surface form accuracy can be dramatically improved. Combining with 
other techniques, some hybrid manufacturing techniques based on FIB machining 
are also introduced.

7.1  Introduction

Due to the broad applications of micro- and nanostructures in multiple disciplines, 
the capability of fabrication of highly accurate micro- and nanostructures with great 
repeatability on different materials is essential for modern science and engineering 
research. Innovative techniques and processing methods are continually developed to 
meet the demand of current research and industrial progress. One of the representative 
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techniques is focused ion beam (FIB) machining. Fundamentally, an FIB system 
produces and directs a beam of high-energy ions (5–50 keV), focusing them onto a 
sample for the purpose of both machining and imaging. It is a direct writing technique 
that requires no mask during the fabrication process. Even more important, FIB 
machining enables the fabrication of both two-dimensional and three-dimensional 
micro- and nanostructures.

The primary use of FIB is for the fabrication, analysis or repair of a sample at the 
micro- and nanoscale. The FIB technique is capable of building two-dimensional 
and three-dimensional structures on almost any kind of solid material. Combined 
with other techniques such as nanoimprint lithography (NIL) and single-point 
diamond turning (SPDT), these structures can be duplicated in a cost-effective way. 
However, it is a great challenge in the FIB machining process to precisely (nanome-
tre level) control the shape of the machined structures, especially for the fabrication 
of nanostructures. This is mainly due to the redeposition effect, variation of sputter 
yield and limitation of ion beam spot size. Theoretical and technical measures need 
to be developed to overcome the complications of FIB machining. The achievement 
of this goal will provide the whole area of research a totally new perspective.

7.2  FIB Machining Mechanism

When a beam of ions is incident on a solid material, several ion–matter interaction 
mechanisms take place simultaneously below, on and above the target surface, such 
as scattering, sputtering and redeposition.

7.2.1  Below the Surface

Below the substrate surface, the ion–solid collision cascades are the principal 
interaction mechanism. According to the mass ratio of the particles involved in the 
scattering process, the ion–solid collision cascades can be divided into three 
regimes, including the single knock-on regime where the ion mass is a lot less than 
the mass of the particle, the linear cascade regime where the masses of the incident 
ion and the target particle are around the same and the spike regime where the ion 
mass is much more than the mass of the particle. The FIB sputtering process gener-
ally operates in the linear cascade regime where the incident ion beam collides with 
the substrate atoms. The ion–solid scattering theory can provide valuable analytical 
expressions of the important physical mechanisms and dependencies. However, the 
solutions are often complicated and require simplifying assumptions [40]. The first 
assumption is that the particles do not move in any preferred directions, which exist 
in, e.g., a crystalline target. The second assumption is that only elastic collisions 
occur between the incident ions and the target atoms. The third assumption is that 
the scattering is made up of hard-sphere collisions, that is to say the particles are 
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assumed to be classical perfect spheres doing the collisions. Binary collision 
approximation (BCA) is a simplified model used to calculate the paths of the particles 
in the cascade based on the above assumptions. In this model, the interaction of an 
incident ion with atomic nucleus in the target sample is regarded as an elastic collision 
process, while the interaction with electrons is regarded as an inelastic process 
without any scattering effects. Only two charged particles are involved in one scat-
tering process, i.e. the incident ion and the target atom. The BCA model is funda-
mental for investigating complex situations that depend on individual ion–solid 
combinations. This model has been widely applied in many simulation programmes 
based on the Monte Carlo method. The trajectories of each incident ion and all 
associated recoil atoms are traced until the kinetic energy has fallen below the cut-off 
energy or the traced particles have escaped from the defined region. Figure 7.1 
shows the spatial distributions of the ions and the recoil trajectories for 30 keV gallium 
ions in silicon as obtained from simulations using a Monte Carlo simulation code 
called TRIM. The left column of the figure (a, c) indicates the ion trajectories in the 

Fig. 7.1 Ion only (a, c) and ion plus recoil (b, d) trajectories for 30 keV gallium ions incident on 
silicon, for 10 (a, b) and 100 (c, d) incident ions, as obtained from TRIM
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substrate, and the range of implanted ions is predicted from this simulation. The right 
column (b, d) indicates the moving and stopped recoiling atoms of the target sub-
strate. In Fig. 7.1a, it is evident that two of the ten ions are backscattered. Figure 7.1b 
indicates that, for the present ion–target combination, an individual ion creates 
several smaller sub-cascades with little overlap. The overlap of many incident 
ions (Fig. 7.1d) forms a cascade region which is similar to the region of the ion 
tracks (Fig. 7.1c).

7.2.2  On the Surface

On the substrate surface, ion milling takes place as a result of physical sputtering of 
the substrate atoms. The ion beam sputtering is a very special scattering process 
which takes place near the surface of the target material. It is the most pronounced 
ion–solid interaction that occurs in the FIB milling process. A recoil atom near the 
surface can obtain enough energy in the collision cascade induced by the ion 
bombardment to be knocked out as a sputtered particle if it receives sufficient 
kinetic energy to overcome the surface-binding energy. Figure 7.2 shows the energy 
distribution of recoil atoms in a silicon substrate under 30 keV gallium ion beam 
radiation calculated by TRIM. Since the surface-binding energy for silicon is 4.7 eV, 
any recoil atoms with kinetic energy below this threshold cannot escape from the 
surface of the silicon substrate.

Fig. 7.2 Simulation result of the energy distribution of the recoil atoms in a silicon substrate under 
30 keV gallium ion beam radiation
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7.2.3  Above the Surface

Above the substrate surface, the redeposition effect takes place accompanied with 
the ion sputtering process. Some of the sputtered atoms induced by the incident ion 
beam will deposit at the site of interest, reducing the net removal rate and creating 
unwanted features. As illustrated in Fig. 7.3, when the sputtered atom leaves the target 
material, it is ejected with a finite kinetic energy. Therefore, it can be considered as 
a projectile that can exert interactions on its trajectory. Depending on the sticking 
coefficient of the material, the sputtered atom may attach to the sidewall of the 
structure. The sticking coefficient is defined as the ratio of atoms that properly react 
and attach on the surface to the total sputtered atoms. It is a statistical measure of the 
material’s affinity to adhere to a surface. It depends on the chemistry of the material 
being deposited and on the substrate temperature. For FIB sputtered atoms, the 
sticking coefficient is assumed to be constant for different materials [15].

The area that can be affected by the redeposited atoms depends on the surface 
topography, angular distribution of the sputtered atoms and surface local pressure. 
Due to the cosine rule of the angular distribution of the sputtered atoms the redepo-
sition effect is more pronounced in structures with a high aspect ratio, in which case, 
the projectile is more liable to collide with the sidewall and therefore be trapped into 
the structure. The surface local pressure also has a profound effect on the degree of 
redeposition [14, 36]. Due to the confining geometry restricting the escape of the 
sputtered material, the local pressure at the sputtering point is much higher than that 
in other parts in the vacuum chamber; therefore, the collision mean free path is 
decreased, which leads to a further increase in the probability of the sputtered atom 
collisions and redeposition rate.

-
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Fig. 7.3 Sch. of redeposition effect
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7.3  Key Fabrication Parameters in FIB Machining

The FIB machining process is a combination of physical sputtering and material 
redeposition. The material removal process depends on many processing parameters 
including the sputter yield, beam scanning strategy, scanning passes, dwell time and 
beam overlap. Understanding these processing parameters can lead to an enhance-
ment of the sputtering rate and further improvement of machining accuracy.

7.3.1  Sputter Yield

The sputter yield is an elementary parameter which characterises the basic sputtering 
phenomena essential to the milling process in making microstructures from simplified 
two-dimensional or three-dimensional structures. The accurate determination of the 
sputter yield is an essential requirement in FIB machining.

The sputter yield is defined as the average number of target atoms ejected from the 
sample per incident ion. Correspondingly, the sputter rate (or material removal rate) 
is the number of atoms being sputtered from the target per unit time. A reasonable 
estimation of the sputter rate by sputter yield is

 Y Y
I

e
t = ´  (7.1)

where Yt and Y are the sputter rate and the sputter yield, respectively; I is the ion 
beam current, and e is the elementary charge.

Experimentally, the sputter yield can be measured at specific sputtering conditions. 
Through measuring the volume of the ion caved cavity, the average sputter yield can 
be evaluated. Theoretically, the sputter yield can be calculated by Sigmund’s linear 
collision cascade model [41]:

 Y E
U

S E fmr,
.

cos
s

q a q( ) = ( ) ( )-0 042
n  (7.2)

where Us is the atom-binding energy; α is a factor that depends only on the efficiency 
of energy transfer; Sn(E) is the elastic stopping power; fmr is a function of the mass 
ratio of the incident ion and the target atom and θ is the incident angle. This indicates 
that the sputter yield depends not only on the substrate material but also on many 
processing parameters, including the ion energy, angle of incidence and milling 
conditions. Alternatively, Yamamura proposed a semi-empirical formula that can 
analytically describe the angle dependency of the sputter yield over a wide range of 
the incident angles [54]:

 Y Yq q b qa( ) = ( ) ( ) - ( ) -( )( )- -0 11cos exp cos  (7.3)

where α and β are adjustable parameters.
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In most FIB machining experiments, the material of the substrate, ion energy and 
milling conditions are kept constant. The only variable during the milling process is 
the ion beam incident angle. The theoretical results of sputter yield angular depen-
dence are compared with the experimental results [1] in Fig. 7.4. This illustrates a 
beam of gallium ions with an energy level of 20 keV bombarded on a silicon sub-
strate with different incident angles. It indicates that the Sigmund theory coincides 
with the experimental data only for incident angles smaller than 65°, while 
Yamamura’s semi-empirical expression is consistent with the experimental data for 
all incident angles. The sputter yield reaches a maximum at about 80° and then 
decreases very rapidly to zero as the incident angle approaches 90°.

The mechanism of this angular dependence can be explained by Fig. 7.5, which 
shows the simulations of the collision cascades under different incident angles. 
From 0° to 80° the ion trajectories and recoiling atoms generated by the higher 
incident angle are observed to be closer to the surface. From a statistical perspective 
the more collisions occur proximal to the surface, the higher the sputter yield. 
Therefore, the sputter yield keeps increasing with the ion incident angle. For large 
incident angles, ion reflection plays an important role at glancing angles and results 
in a rapid drop in the sputter yield.

7.3.2  Scanning Strategy

In a typical FIB system, the machining process is performed by placing the beam 
sequentially at predefined positions to form an area of quadrilateral or more general 
shape. The scanning strategy produces the trajectories of the scanning beam in the 
ion beam machining process. The trajectories of the scanning beam spot are the 
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beam scanning lines. Each of the scanning lines constituting the scanning path is in 
fact a linear array of discrete points to which the beam is rapidly deflected and at 
which it pauses for a predetermined period (dwell time) to remove the required 
amount of material. There are two kinds of scanning path that are commonly used 
in FIB machining: raster scan and serpentine scan, both of which have been illus-
trated in Fig. 7.6. In the raster scan, the beam proceeds along each scanning line in 
the same direction. The scanning beam is blanked at the end of each scanning line 
and retraced to the opposite end of the next scanning line. In serpentine scan, the 
beam moves in opposite directions between each pair of adjacent scanning lines. 
Therefore, the retrace is eliminated, and the beam does not need to be blanked during 
the scanning process. Apart from the raster and serpentine scan, self-defined scan-
ning paths are also available. This kind of scanning path is essential for machining 
complex structures where high precision is required. The beam blanking tails 
 generated in the ion column can also be minimised by optimising the scanning path. 
In the beam scanning process, the pattern is represented by a series of milling 
points, the coordinates of which are stored sequentially in the computer memory. 

Fig. 7.5 20 keV gallium ion sputtering trajectories under (a) 0°, (b) 30°, (c) 60° and (d) 80°
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Whatever scanning mode is chosen, the beam is always blanked after the last 
 scanning line of each scanning pass while being deflected back to the start point on 
the first scanning line of the next pass.

7.3.3  Beam Diameter

The analysis of beam profile is one of the fundamental issues in FIB machining. 
The beam profile is usually considered as a Gaussian distribution with a circular cross 
section, even if the beam had a wide beam skirt following a Holtsmark distribution 
[16, 52]. The intensity distribution is Gaussian with the long-ranging tails satisfying 
the following equation:

 J x y
I x x y y

, exp( ) = -
-( ) + -( )é

ë

ê
ê

ù

û

ú
ú2 22

2 2

2ps s
p p  (7.4)

where J(x,y) is the ion flux density at a point (x,y); I is the ion current and σ is the 
standard deviation of the Gaussian distribution; the centre of the beam is located at 
point (xp,yp).

The commonly used characteristic value to describe the beam spot size is the 
beam diameter which is the full width at half maximum (FWHM) of the intensity or 
e− 1 (36.7 %) of the maximum intensity. The beam diameter d can be estimated from 
the Gaussian distribution:

 d = 8 2ln s  (7.5)

Therefore, the ion flux density can be expressed as a function of the beam diameter:
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Fig. 7.6 Scanning strategies in FIB machining process with arrows indicating scanning direction: 
(a) raster scan; (b) serpentine scan
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Generally the beam diameter grows as the ion current increases. An illustration 
of this relationship is shown in Fig. 7.7.

Under different acceleration voltages ranging from 2 to 30 kV, the beam diame-
ter is reduced proportionally in relation to the ion current. A small beam diameter 
results in a high fabrication resolution, and this constraint relationship reveals that 
in order to fabricate structures with a high resolution, only small current can be used 
in the FIB machining process. The inversely proportional relationship between the 
ion current and the spot size also reveals the contradiction between the throughput 
and the resolution. High throughput and high resolution cannot be achieved simul-
taneously based on the current settings of the FIB system. Revolutionary design 
focusing on improving the performance of the ion column needs to be carried out. 
One solution of this contradiction is to introduce parallel ion beam machining to the 
ion beam system, which is the Charged Particle Nanotech (CHARPAN) project 
[28, 34, 47, 49]. It can generate hundred thousands of ion beams working in parallel 
structured by a programmable aperture plate system. This unique design enables the 
system with a direct structuring power at high throughput and high resolution.

7.3.4  Pixel Spacing

As the ion beam scans across the surface, FIB milling is performed by a precise 
pixel-by-pixel movement. After scanning all the points on a particular line in the 
sputtering area the beam moves to the next line. After scanning the whole sputtering 
area, the beam restarts scanning until it delivers the fully assigned ion dose. This is also 
known as a digital scan and is schematically shown in Fig. 7.8. The distance between 
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two adjacent pixels δ is called the pixel distance. The overlap of the two adjacent 
beam spots is h. To fabricate a smooth profile with a constant rate of material 
removal the pixel spacing must be small enough to allow a proper overlap between 
the adjacent pixels along both the x- and y-directions [48].

As the intensity profile of the FIB can be defined as a Gaussian distribution [16], 
the ion flux distribution during the scanning process can be calculated as the sum of 
every beam profile:
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where Nx and Ny are the total pixel numbers along the x- and y-directions, respectively.
In order to obtain a steady and unwavering ion flux, the threshold value for the 

minimum amount of the pixel spacing can be determined mathematically. Figure 7.9 
shows the normalised cumulative ion flux distribution in a digital scanning process 
for a beam with 50 nm diameter. The pixel spacing along the x-direction changes 
from 8σ to 1.5σ. It is found that when the pixel spacing is smaller than 1.5σ, a con-
stant flux field can be obtained. This uniformity condition of the ion flux with 
respect to the scanning direction can be directly extended to satisfy the uniformity 
condition between the scan lines.

7.3.5  Scanning Passes and Dwell Time

In FIB machining, the incident ions are to repetitively scan with the same scanning 
pattern on a sample many times. This is called the multi-pass scanning method. 
The iteration of each scanning pattern is called a scanning pass. The multi-pass 
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Fig. 7.8 Schematic diagram of digital scan. Each circle represents a beam spot
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scanning process is helpful in forming a uniform bottom surface [53]. Figure 7.10 
shows a comparison of two micro-grooves which were fabricated on a silicon 
substrate (100) surface by FIB machining using a single scanning pass method and 
a multi- pass scanning method. Under the same ion dose of 1.2 × 1018 ions/cm2 the 
number of scanning passes was inversely proportional to the dwell time. The dwell 
time is defined as the stationary period that a beam of ions stays at a spatial point. 
It is also a measure of the scanning speed. The surface topography of the scanned 
area could be very different under the same incident ion dose but with different 
dwell time. Compared to using multiple scanning passes with a smaller dwell time, 
the single scanning pass had a longer dwell time which led to a deeper and narrower 
scanning channel. Due to the cosine rule of the angular distribution of the sputtered 
atoms, the sputtered atoms generated in the single scanning pass have more diffi-
culty in escaping from the micro-channel which led to a higher redeposition rate as 
shown in Fig. 7.10a. The longer dwell time can also result in a higher local pressure at 
the sputtering point. This phenomenon will further lead to a reduction of the collision 
mean free path of the sputtered atoms; therefore, the probability of redeposition 
increases. However, when using the multi-pass scanning method some deposited 
atoms can subsequently be removed by the next scanning pass. The multi-pass 
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Fig. 7.10 Cross sections of micro-grooves on silicon (100) surface (coated with 500 nm platinum) 
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scanning process is also helpful in forming a uniform bottom surface in the groove 
as shown in Fig. 7.10b. A similar phenomenon has also been observed by Yamaguchi 
et al. [53].

A longer dwell time not only leads to a boost in redeposition but also results in a 
higher local sputter yield. Santamore et al. found that in the FIB machining process, 
the scanning speed has a significant effect on the sputter yield [38]. For very rapid 
scanning with small dwell time at normal incidence, each pass of the beam removes 
a thickness of material that is much smaller than the beam diameter. In this case, the 
sputter yield corresponds to the yield at normal incidence. If the scan speed is 
slowed down, the thickness removed in each scanning pass is at the same size as the 
beam diameter. The actual incident angle at the sputtering point is no longer zero 
even though the beam is still perpendicular to the surface. A schematic diagram 
of this phenomenon is illustrated in Fig. 7.11. This illustrates that, under normal 
incident condition, the effective ion beam incident angle θ at the local milling point 
is widely divergent from the normal incident angle when the material removed in 
each scanning pass is at the same level as the beam diameter. The increase in the local 
incident angle leads to a variation in the sputter yield and thus causes the fabrication 
process to be unpredictable. Therefore, the material removed in each scanning pass 
should be much less than the beam diameter at the selected scanning speed in order 
to confine the divergence between the practical sputter yield and the theoretical 
sputter yield applied in the machining model. The lower limit of number of the 
scanning passes should be controlled under this constraint.

7.4  Surface Topography Simulation in FIB Machining

Surface topography simulation is essential for FIB manufacturers to evaluate the 
sputtering result and provide references for FIB operators. The cornerstone of surface 
topography simulation is the evaluation of the sputter depth. The depth of 
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Fig. 7.11 Schematic diagram of a one-dimensional sputter model at steady state: (a) Material 
removed in each scanning pass is much smaller than the beam diameter; (b) material removed in 
each scanning pass is at the same level as the beam diameter
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microstructures with simple geometries fabricated by FIB machining is usually 
guided by the assumption of the existence of a proportional relationship with the 
local ion dose. However, this assumption becomes invalid for high-aspect-ratio 
structures or curved surfaces, where angular dependence of sputter yield as well as 
the redeposition effect cannot be ignored. The redeposition phenomenon depends 
on the local surface topography, material properties of the substrate and ion–target 
interaction between the sample and the ion source used. Besides, the distribution of 
the redeposited atoms highly depends on the local surface topography which can only 
be predicted by the use of adequate, theoretically motivated numerical methods. 
A sophisticated ion–solid interaction model combined with surface topography 
simulation may contribute to the understanding of these effects.

The theoretical description of the changes on surface topography under a given 
process has long been of great scientific interest. To the authors’ knowledge, the 
earliest research on surface topography evolution under FIB radiation was carried 
out by Mueller et al. [29] in 1986. Two-dimensional simulation program Complete 
Modelling Program of Silicon Technology (COMPOSITE) was modified for this 
process with the beam confined in one direction and given a Gaussian distribution. 
This work provided an insight into the interplay of the angular dependent sputter 
yield and redeposition effect. Topography simulation was implemented by a string- 
based algorithm in COMPOSITE. In 1989, Katardjiev et al. presented a generalised 
kinematic theory of surface evolution to simulate the topography development of 
three-dimensional surfaces during growth and erosion based on the Huygens’ principle 
[21]. A three-dimensional simulation code direct numerical evaluation of surface 
evolution (DINESE) [19, 20, 22] was developed to simulate the evolution of real 
three-dimensional structures during milling and deposition. The TRIDYN code was 
used to obtain angle-dependent sputter yields, but the redeposition effect is not 
considered in DINESE code which means that it is only applicable to simulate the 
machining of low-aspect-ratio structures. Biedermann and Platzgummer developed 
a software package called Ionshaper [33] which included first- and second-order 
sputtering as well as the first- and second-order redeposition of sputtered atoms. 
The natural erosion process was characterised by a surface velocity vector normal 
to the surface and a surface shape with a fully continuous derivative. A novel ion 
erosion model was presented in this work to produce a good simulation of sharp 
edges where the surface slope is ill defined. Boxleitner and Hobler developed a 
dynamic Monte Carlo simulation code FIBSIM [4] to evaluate the surface topogra-
phy evolution and damage formation during TEM sample preparation [5]. FIBSIM 
combined the simulation of binary collision cascades with two-dimensional cell- 
based topography simulation model. Analogously, Kim et al. developed a two- 
dimensional [24] and three-dimensional [25] simulation code named AMADEUS 
2D/3D (Advanced Modelling and Design Environment for Sputter Processes) to 
predict the surface topography evolution under ion beam radiation. The surface was 
represented by a structured or an unstructured grid. Each node on the grid moved 
according to the calculated sputtered and redeposited fluxes. The node velocity 
along the surface normal direction is proportional to the fluxes received. Therefore, 
the surface evolution can be simulated by this string/cell-based tracking technique. 
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This method works well for the simulation of machining low-aspect-ratio structures. 
For structures with a high aspect ratio, nonetheless the ion–solid interaction model 
is still applicable, but the string-based topography tracking technique would crash 
due to the sharp gradients and cusps. A more robust surface tracking technique 
needs to be developed. Based on the same ion–solid interaction model, Kim et al. 
developed a two-dimensional topography simulation implemented using the level 
set method [26]. Introduced by Osher and Sethian [31], it is a highly robust and 
accurate computational technique for tracking moving interfaces. Via this method 
the surface topological merging and breaking, sharp gradients and cusps can form 
naturally with the help of an upwind difference scheme. The effects of curvature can 
also be easily incorporated, which makes it a more robust method.

A summary of the reviewed simulation codes is listed in Table 7.1. Both two- 
dimensional and three-dimensional models have been developed to predict the surface 
topography evolution in the FIB machining. The redeposition effect has been 
considered in most of the models. However, for structures with a high aspect ratio, 
more robust simulation techniques need to be developed. A three-dimensional 
topography simulation based on level set method may be competent to give a solution 
for this issue.

7.4.1  Ion Sputtering Model

Figure 7.12 illustrates a surface sputtering model for FIB machining process. When 
a beam of ions bombards a work piece, some atoms will be sputtered out of the work 
piece surface. Some of the sputtered atoms will adhere to the machined surface due 
to the redeposition effect which strongly depends on the work piece material and 
ion beam properties. Moreover, the local surface topography also has an important 
role in the redeposition effect; this effect can only take place when the motional 
trajectories of the sputtered atoms interfere with an existing boundary of the 
machined structure (see Fig. 7.12, point dA′). Since the redeposition effect is random, 
the actual tracking of the fabrication process cannot be achieved analytically.

The prediction of this dynamic process can be achieved by using a numerical 
simulation method. The surface topography can be represented by a number of 

Table 7.1 Topography simulation codes for FIB machining

Simulation code Dimension Topography model Redeposition Reference

COMPOSITE 2D String based Yes Muller et al. [29]
DINESE 3D Huygens’ principle No Katardjiev et al. [22]
FIBSIM 2D Cell based Yes Boxleitner and Hobler [4]
Ionshaper 2D, 3D Huygens’ principle Yes Platzgummer et al. [33]
AMADEUS-2D 2D String based Yes Kim et al. [24]
AMADEUS-3D 3D Cell based Yes Kim et al. [25]
AMADEUS-Level set 2D Level set method Yes Kim et al. [26]
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nodes whose trajectories evolve as a function of time during the FIB fabrication 
process. The normal velocity v⊥ of each node is proportional to the total flux at the 
corresponding node. It can be described as

 v
F

N
total

^ =  (7.8)

where Ftotal is the total flux (atoms/μm2/s) and N is the atom density of target material 
(atoms/μm3). The total flux at each node on the target surface consists of two parts, 
i.e. the flux of sputtered atoms (Fdirect) caused by the incident ion beam directly and 
the flux of redeposition atoms (Findirect) which is contributed to by Fdirect. They can be 
described as
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As shown in Fig. 7.12, Acs and As are the cross-sectional area and the actual area 
on the target surface, respectively. Y(θ) is the sputter yield at an incident angle θ. Sc 
and f(α) are the sticking coefficient and the angular distribution of the sputtered 
atoms. dΩ is the infinitesimal emission solid angle of the sputtered atoms; dA and 
dA′ are both the infinitesimal areas on the target surface. For symmetrical structures, 
a rotational angle φ is needed to reconstruct three-dimensional surfaces.

Incident ion beam

Sputtered atom

θ

α

β

dA
Surface
normal

Acs

As

dA’

ϕ

Fig. 7.12 Schematic illustration of the generation mechanism for a machined surface fabricated 
by FIB
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7.4.2  Determination of Angular Distribution  
of Sputtered Atoms

The angular distribution of sputtered atoms f(α) generally follows a cosine distribution 
for normal incidence ion bombardment [9, 42]. For varying ion incident angles, the 
angular distribution of the sputtered atoms is slightly different, and the deviations 
from the cosine rule can be corrected by a power of n [35]:

 f na a( ) = ( )cos  (7.12)

In order to determine this correction factor in (7.12), the angular distribution 
function was simulated by using the Monte Carlo method. This work simulated a 
beam of 30 keV gallium ions bombarding a silicon substrate in the x–y-plane with an 
incident angle of 0° along the z-axis as shown in Fig. 7.13. The total history number 
was set to be 10,000 to guarantee the simulation accuracy. The heat of sublimation, 
4.7 eV, was taken as the surface-binding energy of silicon. The lattice-binding energy1 
and displacement energy2 were assumed to be 2 and 15 eV, respectively.

The simulated distribution of sputtered atoms in the x–y-plane is shown in 
Fig. 7.14. The coordinate of each point in Fig. 7.14 is represented by the cosine of the 
final trajectory of sputtered atom. The angular distribution in the whole scattering 
space was analysed from two orthogonal cross sections, the x–z-plane and the y–z-
plane. As shown in Fig. 7.15, in each plane the total scattering angle (π) was discrete 
with an angle step of Δα. In this work Δα was set to be 4° to meet the statistical 
requirement that there were at least ten particles falling in each angular region. All 
of the sputtered atoms in the whole scattering space were projected onto this plane. 
The number of the atoms that fall into the region [α − Δα/2, α + Δα/2] was counted 
as Δn. The angular distribution was the sputtered atoms per unit area:

 f
n

a
D

p a Da a Da
( ) =

-( ) - +( )( )2 2 2cos / cos /
 (7.13)

1 The minimum energy needed to remove an atom from a lattice site.
2 The minimum energy required to knock a target atom far enough away from its lattice site so that 
it will not immediately return.
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Fig. 7.13 Scheme of the 
simulation plan
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Equation (7.13) can be further simplified and normalised as

 f
n

a
D

a Da
( ) =

( )2 2sin sin /
 (7.14)

Based on (7.14) and the simulation results, the angular distributions of the 
sputtered atoms in the x–z-plane and y–z-plane were obtained. The two distributions 
are shown in Fig. 7.16a, b, respectively. Both of the distributions are fitted tightly to 
the cosine rule in the form of equation (7.12). In the x–z-plane and the y–z-plane the 
correction factor n was found to be 1.6.

Fig. 7.14 Simulated distribution of sputtered atoms in the x–y-plane

Fig. 7.15 Schematic of the x–z (or y–z)-plane in the scattering space
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In this work, the simulation of FIB fabrication is assumed to start from a flat 
surface. However, from the start of the simulation, the machined surface will move 
and then becomes rough at the atomic level which results in a variation of the ion 
incident angles from −90° to 90°. This is expected to spread the calculated angular 
distribution and finally give a result not very different from a cosine function. 
For simplicity a cosine function with correction factor 1.6 is applied as the angular 
distribution function in this model and is used for further calculations.

7.4.3  Determination of Sticking Coefficient

The sticking coefficient Sc is defined as the ratio of the flux caused by redeposition 
to the flux of sputtered atoms generated by the incident ion beam. It stands for the 
absorption degree between the redeposited atoms and the machined surface. In this 
model Sc = 1 was adopted since no chemical gas assistance is involved in the machin-
ing process.

7.4.4  Simulation of Surface Topography Evolution

The simulation of surface topography was realised by using the level set method 
[39]. The level set method is a numerical technique designed to track the evolution 
of interfaces and shapes between two different regions. This method makes it very 
easy to follow irregular and dynamic shapes that change along with the variation of 
time. A “level set” of a function ϕ with n variables is a set of the form

 L x x x x cc n nf f( ) = ( ) ( ) ={ }1 1,, ,, ,, ,,� �|  (7.15)
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Fig. 7.16 Monte Carlo simulation of the angular distribution of the sputtered atoms when 30 keV 
gallium ions strike a silicon substrate. (a) Angular distribution of sputtered atoms in x–z-plane; 
(b) angular distribution of sputtered atoms in y–z-plane
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where x1–xn are the n variables of function ϕ; c is a given constant value and Lc(ϕ) 
represents a set of such variables that meet equation (7.15).

The idea of the level set method is to take the propagating interfaces (Lc(ϕ)) as a 
certain level set (c) of a higher dimensional function which is called a level set func-
tion (ϕ). The advantage is that merging and breaking, sharp gradients and cusps on 
the interfaces can be handled easily. Therefore it is suitable for tracking freeform 
interfaces. As with the evolution of the interfaces, the level set function also evolves 
under certain restraint conditions. The moving state of the interfaces can always be 
represented by the level set c of the level set function. Tracing the evolution of inter-
faces by the level set method is actually a combination of solving level set equations 
and constructing the restraint conditions.

Considering a vector x evolving in the time t with velocity v⊥,3 the level set func-
tion can be expressed as ϕ(x,t). At any time t, the moving front of vector x can be 
embedded in the level set function in the form of

 f x t c,( ) =  (7.16)

where c is a given constant. By applying the chain rule on both sides of (7.16)
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The moving front of the vector x at any time t is then determined by solving time- 
dependent Hamilton–Jacobi equation in the form of equation (7.19) with an initial 
condition expressed in (7.20):

 v x t x t x tt^ ( ) Ñ ( ) + ( ) =, , ,f f 0  (7.19)
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�
n  is the normal direction of the moving front. Γ is the initial level set function. Γ − c 
is a signed distance function, which represents the distance from the point x to the 

3 The subscript “⊥” indicates that the direction of the velocity is perpendicular to the moving front 
of vector x. That is to say, the velocity v⊥ is along the gradient direction.
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moving front where a positive sign means that the point is outside the moving front 
and vice versa. Therefore, the moving front is the data set of the points correspond-
ing to Γ − c = 0. Particularly, when c is set to be zero, the signed distance function 
becomes Γ; the moving front is the zero level set of the solutions derived from 
(7.19) and (7.20).

Here, a hidden point is that the velocity v⊥ is defined not only for the level set 
corresponding to the moving front of the vector x but also for the other level sets 
which do not have physical meanings. In order to solve (7.19), v⊥ is assumed to be 
defined for all the level sets. Therefore, both the interface and the velocity are 
embedded in a higher dimensional function. The newly constructed velocity is 
called extension velocity (vext). The extension velocity should, in the limit as one 
approaches the level set c, yield the velocity of the level set c, i.e.

 lim
x a

extv x v a
® ^( ) = ( )  (7.23)

where a is a point on the moving front.
All in all, it can be concluded that in order to track the surface topography 

evolution of the propagating interfaces by the level set method, one could follow the 
following procedures:

 1. Determination of the velocity of the propagating interfaces (v⊥) during the evolution 
process.

 2. Construction of the initial level set function (Γ) where the initial state of the 
propagating interfaces is embedded into certain level set c (see footnote 2).4

 3. Construction of extension velocity (vext).
 4. Solving level set functions (7.19).
 5. Inferring the level set c from the solution of the level set function at time t: The level 

set c is actually the state of the propagating interfaces at time t.

The simulation started from a beam of gallium ions with Gaussian distribution 
bombarding a flat silicon substrate perpendicularly. The flat plane was embedded 
into a level set function as the zero level set. In the sputtering process, the dwell time 
was set at discrete time steps of 1 μs. At each consecutive step, the simulation sets the 
zero level set as the current surface topography of the nanodot. Based on the current 
surface topography, the sputter yield at each pixel for the next time step was then 
obtained. Therefore, the direct sputtering flux Fdirect was achieved.

The calculation of Findirect is more complex. The value of Findirect is built on Fdirect; 
it can only be obtained when Fdirect is determined. In addition, not every point on the 
surface can receive Findirect from other points; Findirect only worked when the two 
points can “see” each other. Therefore a visibility test was needed in every time 
step. In level set method, the visibility test has been contained in the level set func-
tion. This can be clearly observed in Fig. 7.17. If the level set function ϕ is always 
positive between two points on the surface (point O and point A), these two points 
are visible to each other which means that the redeposition atoms from one point 

4 For the sake of convenience, c is generally set to be 0.
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can reach the other point. Between the points O and B, ϕ is only positive in the OC 
segment. After passing through the moving front (point C where ϕ = 0), ϕ changes 
to negative in CB. This means that point O and B cannot see each other. Sputtered 
atoms from O to B are blocked at point C. Thus the redeposition will not occur 
between point O and point B.

All the calculations and analysis above led to the possibility of determining 
the surface velocity evolution with redeposition effect. However, in order to solve 
the level set function, the velocity was defined not only on the machined surface but 
also over the whole domain of the level set function. Therefore, extension velocities in 
the whole domain had to be constructed. Extension velocities are needed to main-
tain the propagation of the level set function. In this work, a simple copy of the 
velocity from the nearest point on the machined surface was applied to construct the 
extension velocities.

Forward Euler time discretisation and upwind spatial differencing were used as 
a robust way to solve the hyperbolic level set equation. The approximate solutions 
of the level set function at different times are shown in Fig. 7.18. It indicates that the 
level set function evolves from a plane (t = 0 ms) to a curved surface (t = 5.5 ms). 
Meanwhile, the cross section of the machined structure is naturally formed by track-
ing the zero level set of the level set function. Due to the spatial symmetry of the 
nanodot, three-dimensional re-construction relative to the symmetry axis was 
applied as shown in Fig. 7.19. Finally a quasi three-dimensional simulation program 
based on the level set method was developed for FIB nanofabrication.

Fig. 7.17 Visibility test on level set function
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7.4.5  Experimental Validation

Experimental work on the fabrication of nanodot arrays on a silicon substrate was 
carried out by using a dual-beam FIB system (FEI Quanta3D FEG) with gallium ion 
source. As a comparison test to evaluate the simulation results, a 30 keV gallium 
beam with current of 10 pA was used to drill two series of nanodots on (100) surface 

Fig. 7.18 Evolution of nanodot profile in the simulation process
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of a silicon substrate. The dwell times were fixed at 5.5 and 8.0 ms, respectively. 
According to the simulation results, nanodot arrays with depth of 51 and 71 nm can 
be obtained in these situations. The FIB-fabricated nanodot arrays were measured by 
an atomic force microscope (AFM, HYSITRON TI900 TriboIndenter). The maxi-
mum measured depths were 53 and 76 nm, respectively. A comparison of the simula-
tion and experimental results is shown in Fig. 7.20. It can be seen that the simulation 
results agreed well with the experimental results in terms of maximum fabrication 
depth with errors less than 7 %. The maximum divergence takes place at the bottom 
part of the nanodots, where a relatively flat bottom is predicted by the simulation but 

Fig. 7.19 Surface topography of a nanodot after three-dimensional re-construction
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a sharp bottom is observed in the measurement results. The reason for these 
discrepancies is the limitation of the geometry of the AFM tip which is not sharp 
enough to reach the sidewall of the nanodot.

This validation indicates that a good agreement between the simulation and 
experimental results had been obtained with simulation errors less than 10 %. The 
modelling and simulation programme, therefore, could be used to determine machining 
parameters to achieve deterministic FIB nanofabrication.

7.4.6  Investigation of the Redeposition Effect

The difficulty in predicting the depth of nanodot is due to the redeposition effect. If no 
redeposition occurs, the milling depth of the nanodot would be proportional to the 
ion fluence and can be easily determined. Therefore, it is necessary to study the 
contribution of the redeposition effect during the sputtering process. An accurate 
evaluation of the redeposition effect enables the prediction of milling depth without 
the simulation.

In order to study this effect, two sets of simulations were carried out using a 
30 keV gallium beam with 10 pA ion beam current to fabricate nanodot arrays on a 
silicon substrate under dwell times ranging from 0 to 10 ms. In the first set of simu-
lation the sticking coefficient Sc was set to 0 in order to emulate an ideal machining 
condition without redeposition. In the other simulation set the sticking coefficient Sc 
was set to 1 so as to take fully into account the influence of atom redeposition. 
Figure 7.21 illustrates the variation of the depth of nanodot against dwell time from 
both the simulation test and experiment results under a dwell time of 5.5 and 8 ms. 
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Fig. 7.21 Effect of redeposition on the nanodot fabrication process
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It was found that the milling depth increased linearly with the increase in dwell time 
when ion redeposition was ignored. On the other hand, there was a nonlinear increase 
of the FIB milling depth against dwell time, especially when the dwell time was less 
than 4 ms. After 4 ms the increase in milling depth could be regarded as linear again 
but with a slope lower than that without atom redeposition. This confirms that 
the redeposition of atoms has significant effects in the FIB nanofabrication process. 
The simulation is an ideal tool for the quantitative evaluation of the effects of 
redeposition on the nanofabrication process. As illustrated in Fig. 7.21, more than 
1/3 of the milling depth was reduced due to the redeposition effect.

7.5  Determination of Fabrication Parameters  
in FIB Machining

The fabrication of customised three-dimensional structures is the reverse of the 
surface topography prediction. Several methods have been reported to realise 
three- dimensional structures using FIB machining. In the 1990s, Ishitani et al. first 
demonstrated the feasibility of FIB in two-dimensional fabrication by cutting a 
45 μm diameter micro-gear in stainless steel foil with the aid of a sample rotator 
[18]. Nellen et al. [30] introduced a two-dimensional simulation model to estimate 
the sputter depth of simple geometric structures. Fabrication parameters, including 
ion fluence, beam diameter and scanning strategy were taken into consideration.

Several fabrication methods for the fabrication of three-dimensional structures 
were proposed by former researchers. Vasile et al. introduced a depth control 
method by controlling the dwell time on each milling pixel [50, 51]. In this method, 
a general mathematical model was developed which directs the ion beam material 
removal process and has the capability of milling a three-dimensional cavity from a 
given initial geometry into a pre-specified final geometry. The factors that affect the 
ion milling process, such as sputter yield and ion beam intensity distribution, were 
considered. Redeposition effect and the influence of the scanning path were ignored. 
Fu et al. [13] employed a two-dimensional slice-by-slice method to fabricate three- 
dimensional structures by FIB. Sequential two-dimensional slices with small thick-
nesses were used to approach the desired three-dimensional structures. The number 
of the slices can be determined according to the maximum depth of the three- 
dimensional microstructures. The milling depth for each slice depends on the slice 
thickness. Analogously, Lalev et al. [27] developed a data preparation program for 
FIB machining of complex three-dimensional structures utilising this slice-by-slice 
method. Complex surfaces can be easily designed in any three-dimensional CAD 
package and then converted into Graphic Database System II (GDSII) streams for 
FIB sputtering or deposition. Compared with the depth control method, this method 
has the advantages of a simple mathematical model, less memory space used and 
fast milling speed. The sputter yield and the dwell time are constant during the 
machining of flat slices. However, the fabricated structures have stair-step sidewalls 
due to the limitation of the number of finite slices. Regarding the surface quality of 
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the sidewall, Hopman et al. [17] proposed a “trial-and-error” fabrication method to 
optimise surface quality. It was found that the scanning routine of the ion beam can 
be used as a sidewall optimisation parameter. For circular patterns, a spiral scanning 
routine can significantly reduce the amount of redeposition. Based on Fu and 
Hopman’s methods, Kim et al. [23] chose a continuous slicing method which used 
spiral scanning as a part of the vector scan instead of using a raster scan to produce 
accurate circular patterns. Rather than using a discrete slice-by-slice process, the 
circular structure was fabricated in a contiguous way where the ion beam followed 
a spiral routine; therefore, stair-step structures on the sidewall were avoided. 
However, this is not a general method for all kinds of three-dimensional structures 
since only circular structures were studied in this work. The differences between the 
above fabrication methods are illustrated schematically in Fig. 7.22.

There are other methods developed for only fabricating specific structures. 
A quasi-direct writing method [11] and a self-organised formation [12] method 
were introduced to fabricate diffractive structures on silicon substrate. In these the 
dwell time was kept at a constant during the whole process. Diffractive structures 
with an amplitude of less than 1 μm are generated by changing the pixel spacing 
along the direction of the cross scan with zero overlap and keeping the pixel spacing 
constant along the other scanning direction with a normal overlap of 50–60 %. The 
advantage of this method is that there is no need to program and it can be applied on 
almost any material. However, this is not a general method for micro-fabrication; 
only blazed grating-like structures can be machined in this way. Svintsov et al. 
developed their IonRevSim software [46] specifically for data preparation and pre-
diction of the shape of FIB-machined structures. It demonstrated a quantitative 
description of FIB machining for three-dimensional structures by means of an 
isotropic local etching model which assumes that the sputter yield is proportional to 

1

cos q( ) , where θ is the incident angle. This assumption works under a low incident 

angle; therefore, this model can be used for the prediction of FIB-machined struc-
tures with a low aspect ratio and with an inclination not greater than 45º.
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Fig. 7.22 Three different methodologies for producing a 3D shape: (a) Depth control method: 
sputtering by changing the dwell time on the pixel; (b) slice-by- slice method: sputtering the 
sequential 2D slice by slice; and (c) continuous slicing method: modified by repeating Fu’s method 
by continuously reducing the ion dose for each slice, whereas the total ion dose is the same as Fu’s 
method
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It can be concluded that FIB is a competent technology for fabricating 
three- dimensional microstructures by the aid of sophisticated data processing or 
data preparation. However, the limitations are also very obvious. The depth control 
method is able to fabricate complex structures precisely, but sophisticated data pro-
cessing is needed before the fabrication. That is to say that user-specified program 
is required and the calculation of the dwell time matrix is a time-consuming work 
especially for microstructures over large area. The slice-by-slice method is an effi-
cient way for three-dimensional microstructure fabrication, but it will result in a stair-
step structure on the sidewall which degrades the machining accuracy. The continuous 
slicing method and the quasi-direct writing method are only applicable to circular 
structures and blazed grating-like structures, respectively. The IonRevSim software 
is only used for the prediction and fabrication of structures with low aspect ratio. 
Redeposition effect is ignored in all of the above methods. Novel data processing 
and data preparation techniques that are based on the current FIB control software 
need to be developed for the fabrication of complex structures with high accuracy 
and high usability.

7.5.1  The Divergence Compensation Method

In this section, the development of a divergence compensation method is presented 
in order to facilitate the production of ultra-precision three-dimensional structures. 
Key fabrication parameters, such as dwell time distribution, scanning passes, scan-
ning pitch and scanning strategy, can be determined by this method.

When FIB is applied for the fabrication of three-dimensional structures, the 
machining accuracy can be degraded due to the finite spot size of the incident ion 
beam and sophisticated ion–solid interactions. There are three main aspects which 
have an impact on this:

• Firstly, the beam intensity profile is usually considered as Gaussian distribution 
with circular cross section [16]. The tail of the Gaussian distribution broadens 
the beam profile and contributes extra ion flux to the adjacent area. For each milling 
point, the accumulation of all the extra fluxes contributed by the adjacent points 
results in an unintentional increase of the local ion dose.

• Secondly, the variation of the sputter yield under different ion incident angles 
also degrades the machining accuracy of FIB milling. The prediction of the 
milling depth based on the incident ion dose is hampered by the variation of the 
sputter yield.

• Thirdly, the redeposition effect, as well as the scanning strategy, can further 
affect the machining accuracy.

Proper divergence compensation techniques are therefore needed to overcome 
the above issues in order to fabricate complex structures with high accuracy using 
FIB. The predictive divergence compensation approach can be implemented through 
the development of a three-dimensional surface topography generation model. 
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In this model, the machined surface is described as a grid in the x–y-plane 
composed of arrays of equally spaced intervals, where the gridlines intersect at the 
nodes (Fig. 7.23). The numerical value of each node represents the elevation of this 
surface point above a fiducial plane. Each node is surrounded by four other adjacent 
nodes, which can be combined into patches to investigate the surface normal at 
the target node. The surface normal direction at the target node is determined by the 
relative positions of the four adjacent nodes. As illustrated in Fig. 7.23, the surface 
normal at the target node O is defined as the average value of the normal directions 
of pitches OAB, OBC, OCD and ODA. Once the direction of a node is defined, the 
separation angle between the incident ion beam and the machined surface is specified. 
Therefore, the sputter yield at each node can be obtained.

7.5.2  Dwell Time Distribution

The FIB milling depth is derived from the ion incident flux, atom density of the 
target material and sputter yield. The total incident flux at a certain node is contrib-
uted not just from the local pixel area but also from all of the adjacent areas due to 
the overlap effect. Therefore, the dwell time for each node can be obtained from a 
matrix relationship as showed in (7.24), which includes the ion beam distribution, 
ion beam overlap and angular dependent sputter yield [51]:
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where Cijkl is the coefficient matrix which describes the flux contribution from the 
adjacent node (k, l) to the local node (i, j). spkl and tkl are the scanning passes and the 

Fig. 7.23 Schematic illustration of surface topography model
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dwell time at node (k, l), respectively. px and py are pitches along the pixel address 
scheme, and ΔZij is the milling depth increment at node (i, j).

The incident ion beam current density needs to be corrected when the ion beam is 
presented to inclined surfaces. In this case, the number of ions per area decreases as 
cos(θ), where θ is the separation angle between the incident ion beam and the surface 
normal. Therefore, the corrected milling depth at node (i, j) can be expressed as
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where Φ(k,l) is the ion flux density at node (k, l). η and Jkl are the atom density of 
the solid and the ion beam intensity distribution function at node (k, l), respectively. 
Generally Jkl follows Gaussian distribution. A three-dimensional ion beam intensity 
distribution is shown in (7.6). Y(θ) is the angular dependent sputter yield. The sum-
mation over the indices k and l accounts for total dose received at node (i, j) from all 
the pixels in the address scheme.

Equation (7.25) can be applied to each node on the machined surface to obtain a 
corrected FIB milling depth. In an area comprising N × N nodes, the total milling 
time pkltkl at each node is derived from an N × N equation set composed of (7.25). 
Therefore, the dwell time distribution is calculated by (7.26)

 t
Z

C
=  (7.26)

where t and Z are dwell time matrix and milling depth matrix, respectively. C is the 
coefficient matrix of the equation set (7.25).

7.5.3  The Implementation of the Divergence  
Compensation Method in FIB Machining

In a modern FIB system, pattern generation in conjunction with graphic bitmap files as 
inputs enables the achievement of complex two-dimensional structures. Each pixel 
in the bitmap represents an incident beam spot. The local colour value of each pixel 
in the bitmap delineates the dwell time and beam blanking status. In a 24-bit RGB 
bitmap each pixel consists of:

• A red component—not used.
• A green component—determines if the beam is blanked, any other value other 

than 0 activates the beam.
• A blue component—determines the dwell time per pixel, the blue ranges from 0 

to 255, which corresponds to an 8-bit colour depth.

Figure 7.24 shows an example of an FIB-fabricated two-dimensional structure 
based on the corresponding bitmap image. It reveals the transformation from the 
colour scale level in the bitmap to the milling depth by varying the dwell time for each 
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pixel. The brightest part in the bitmap corresponds to the longest dwell time, leading 
to a concave structure, while the darkest part corresponds to the shortest dwell time. 
The flexibility in controlling the dwell time at each pixel enables a precise method for 
manufacturing complex three-dimensional structures by FIB milling.

However, the structures obtained using such a bitmap always diverge from the 
original design due to the intrinsic problems associated with the FIB machining 
mechanism, including atom redeposition, overlap effect of the ion beam and varia-
tion of the sputter yield under different incident angles. This divergence can be 
compensated for by the application of the divergence compensation method; based 
on this, the dwell time distribution is corrected layer by layer and a series of bitmaps 
can be generated. In each scanning pass, the colour spread of each bitmap is identi-
cal to the dwell time distribution calculated by (7.26). Therefore, the corrected bit-
maps with a specified number of pixels (M × N) for the intended structures can be 
generated. These bitmaps were in 24-bit RGB scale, in which the local colour of 
each pixel represents the dwell time. The pixel number in the bitmap was deter-
mined by the following equation (7.27):
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where px and py are the pitches between adjacent pixels along the X- and Y-directions; 
W and H are the width and height of the designed pattern.

In three-dimensional FIB machining, the milling depth at each pixel is deter-
mined by the sputter yield and dwell time. The dependence between sputter yield 
and ion incident angles was determined as the first step. The divergence compensa-
tion method was then applied to calculate the corrected dwell time matrix based on 
the sputter yield. In the following step, the dwell time matrix was input into the FIB 
system in the form of bitmaps.

Fig. 7.24 FIB milling of a two-dimensional structure. (a) The bitmap image applied; (b) the 
 corresponding structures obtained from the bitmap
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One assumption in the divergence compensation method is that the incident ions 
bombard the substrate simultaneously in each scanning pass—the scanning strategy 
is not taken into consideration. However, experimental results show that the scan-
ning strategy does impact on the machined surface topography because of the rede-
position effect [17]. A comparison of the structures fabricated by different scanning 
strategies will be carried out as a supplement of this research.

7.5.4  Experimental Validation

The FIB machining experiments were carried out on a dual-beam FIB system (FEI 
Quanta 3D FEG). The system was operated at an acceleration voltage of 30 kV. The 
beam diameter (FWHM) and the ion current are 50 nm and 1 nA, respectively. Three-
dimensional structures, including a parabolic structure (amplitude of 2.5 μm, width of 
10 μm), two hemispherical structures (radius of 5 μm and 500 nm) and a sinusoidal 
structure (period 5 μm, amplitude of 0.9 μm), were fabricated on a P-type silicon 
substrate (100) surface; the surface roughness of the silicon substrate is less than 5 Å.

The sinusoidal microstructures fabricated by the conventional method and the 
predictive divergence compensation method are shown in Fig. 7.25. With the 
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Fig. 7.25 Comparison of sinusoidal structure fabricated by the conventional and predictive 
 divergence compensation method: (a) Cross section of the corrected sinusoidal structure; (b) cross 
section of the sinusoidal structure fabricated by conventional bitmap milling; (c) intended sinusoi-
dal shape and (d) comparison of the sinusoidal structures fabricated by both methods
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predictive divergence compensation method the peak-to-valley form error of the 
machined structure has been reduced using the conventional bitmap milling approach 
from 200 to 30 nm. The machining accuracy was much improved, especially at the 
bottom part of the structure which was ameliorated to a curved profile instead of the 
flat one obtained using the conventional bitmap milling approach (see Fig. 7.25b). 
Further FIB machining experiments indicated that a flat top/bottom could always be 
found on the top of the convex- or the bottom of the concave- shaped structures using 
conventional bitmap milling. The reason for this phenomenon is mainly related to the 
aspect ratio of the machined structure. Due to the low aspect ratio near the base, the 
differences in the ion dose used to fabricate the neighbouring points in the apex area 
of these structures are very tiny. An overlap of the Gaussian beam skirt in this region 
eliminates these tiny ion dose differences and results in the formation of a flat top/
bottom. Since the overlap effect had been taken into consideration in the predictive 
divergence correction method, extra ion doses caused by beam overlap were com-
pensated; therefore, more accurate structures were formed.

In addition, the existence of an oxide layer on the silicon substrate also contributes to 
the formation of a flat top/bottom on the low-aspect-ratio structures because the oxide 
layer is less sensitive to gallium ions than silicon. Figure 7.26a shows a low-aspect-ratio 
sinusoidal structure fabricated on a silicon substrate covered by a thin oxide layer; a flat 
part on the top of the structure was observed. Figure 7.26b shows that a precise sinusoi-
dal feature was obtained using a silicon substrate after removing the oxide layer. 
Figures 7.27 and 7.28 show fabricated parabolic and hemispherical microstructures on 
silicon substrate on which the oxide layer was removed before FIB machining. Form 
accuracies (p–v) of 20 and 120 nm, respectively, were achieved for these structures.

The effectiveness of this divergence compensation method at the micron scale 
has been demonstrated through comparisons between the experimental results and 
the intended structures. This methodology is also effective for FIB milling at the 
submicron scale. A hemispherical structure with 480 nm radius (500 nm intended) 
was fabricated by using the divergence compensation approach as shown in 
Fig. 7.29. Along the circumference a reduction of 20 nm was found. Such relative 
divergence is primarily due to the redeposition effect which is more pronounced in 
the nanometre range.

Fig. 7.26 Comparison of sinusoidal structures fabricated on (a) silicon substrate with a thin oxide 
layer and (b) silicon substrate after removing the oxide layer
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It is worth mentioning that although the fabricated structures were very close to 
the designed geometries, there were still divergences along the curved surface. Such 
divergences were mainly caused by atom redeposition and the limited resolution of 
the dwell time. The redeposition process is inevitable within the FIB fabrication 
process due to its randomness. Although redeposition can be reduced by using the 
multi-pass scanning method, there is still certain amount of sputtered atoms depos-
ited on the machined structure, especially for high-aspect-ratio and nanostructures. 
Besides, the limited resolution of dwell time contributes to the fabrication diver-
gence of structures with a low aspect ratio. A user-specified maximum dwell time is 
assigned to each bitmap. In terms of the local colour, the dwell time for each pixel 
in the bitmap is linearly interpolated between zero and the maximum dwell and 
rounded to the value from a fixed dwell time table. For low-aspect-ratio structures, 
the dwell times are very close between adjacent pixels. Differences between dwell 
times may be omitted due to rounding error. This phenomenon also caused diver-
gence of the fabricated structures from the designed shape.
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Fig. 7.27 Comparison of parabolic microstructures fabricated by the conventional and predictive 
divergence compensation method: (a) Cross section of the corrected parabolic structure; (b) cross 
section of the parabolic structure fabricated by conventional bitmap milling; (c) intended parabolic 
shape and (d) comparison of the parabolic structures fabricated by both methods
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7.5.5  Optimisation of the Divergence Compensation Method

The limitation of the divergence compensation method is that due to the computing of 
dwell time at each pixel it can be very time consuming. For a milling area comprising 
M × N pixels, the equation set with a coefficient matrix of dimensions of M2 × N2 needs 
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Fig. 7.28 SEM images of hemisphere structures with 5 μm radius fabricated by the predictive 
divergence compensation method and conventional method: (a) 52º tilt view; (b) cross section cutting 
through the diameter; (c) cross section of the hemisphere fabricated by the predictive divergence 
compensation method; (d) cross section of the hemisphere fabricated by the conventional method; 
(e) sketch of the designed hemisphere and (f) comparison of hemispherical structures
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to be solved. The huge amount of calculation is due to the consideration of the overlap 
effect where the ion dose at each pixel is influenced by the ion dose from all the other 
pixels. In order to integrate this correction method with a commercial FIB system and 
enable it to be applied online, an optimisation of the divergence compensation 
approach is carried out through the theoretical and experimental evaluation of the 
overlap effect in order to reduce the processing time required.

The overlap effect is characterised by normalised pixel spacing ps/df, where ps is 
the pixel spacing along the X- and Y-directions and df is the beam diameter. It was 
found that ps/df should be equal to or smaller than 0.673 in order to have a uniform 
scanning ion flux in channel milling [48]. In this case, the extra dose from the adjacent 
pixel contributes almost 33 % of the peak dose shown in Fig. 7.30a. The overlap 
here can be reduced by increasing the pixel spacing; indeed, when ps/df equals to 1.0 
only an extra dose of 7 % is contributed. To evaluate the influence of the overlap 
effect under such condition the ion current was kept at 1 nA as that used in the above 
experiments. The variation rate of the ion dose is around 1.4 × 1013 ions/ms as shown 
in Fig. 7.30b. The variation of milling depth can be estimated based on the ion dose 
variation. Taking the fabrication of the hemispherical structure as an example, 
there are around 50,000 pixels in the bitmap and the total fabrication time is 10 min. 
The average machining time on each pixel is 12 ms. Calculation results show that 
1.4 × 1013 ions/ms result in a depth variation of 160 nm; however, because of the 
redeposition effect, the actual depth variation is actually less than this. Such depth 
variation is in the same order as the divergence between the fabricated structure and 
the intended structure. Validation tests on hemispherical structures are shown in 
Fig. 7.30c, and these indicate that, by applying ps/df = 1 without the overlap effect 
correction, the machined profile coincides with the intended structure very well 
with a maximum divergence of only 150 nm. Further increases in the normalised 

Fig. 7.29 Cross section of nano-hemisphere with 500 nm radius fabricated on silicon; a reduction 
of 20 nm along the radius was found due to redeposition
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pixel spacing will result in a deeper milling cavity and a flat base due to a bigger 
depth variation. This can be clearly observed in Fig. 7.30c, d with ps/df = 1.2 and 
ps/df = 1.5 present. Therefore, it is recommended that the overlap effect can be 
suppressed by choosing the pixel spacing equal to the beam diameter. The same 
result has also been verified on the sinusoidal and parabolic structures.

7.6  FIB Hybrid Machining

7.6.1  FIB Machining and Nanoimprint Lithography

FIB machining is an ideal technology for obtaining micro- and nanostructures. 
However, the low material removal rate as well as the gallium ion implantation 
effect limit the applications of FIB technology. Over the years there have been 
demonstrations of other methods which are capable of forming sub-micron 
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Fig. 7.30 Influence from normalised pixel spacing in the machining process: (a) Overlap of ion 
current under different pixel spacing; (b) overlap effect on depth distribution for Gaussian FIB 
milling (uniformed pixel spacing ps/df is indicated); (c) comparison of hemisphere structures 
fabricated under different normalised pixel spacing without consideration of the overlap effect 
(“OC” indicates the overlap correction) and (d) depth variation and the contribution of overlap 
effect under different normalised pixel spacing
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structures, such as electron beam lithography, dip-pen lithography and laser direct 
writing. However, there are still no universal machining techniques in existence. 
None of the machining techniques can dominate the manufacturing at nano-, micro-, 
human and large scales. The combination of different techniques is the norm espe-
cially when fabricating complex structures on special materials. One important 
machining method that can be easily combined with other micro- and nano-manu-
facturing process is NIL. NIL was initially proposed and developed by Prof. Chou’s 
group [7, 8] since 1990s. They used a hard-structured mould to emboss into poly-
mer material cast on the wafer substrate under controlled temperature and pressure 
conditions to create a thickness contrast pattern in a thin resist film carried on a 
substrate. Patterns were then transferred through the entire resist layer by an aniso-
tropic etching process. Recently it has been reported that FIB machining technique 
can be used as a high-resolution patterning method suitable for NIL [6, 37, 43, 45]. 
An FIB-machined silicon substrate patterned with 1 μm × 1 μm cavity arrays which 
can be used as a hard mould in NIL is shown in Fig. 7.31. Once the silicon mould is 
completed it is reusable in the fabrication of PDMS mould. Therefore, the machining 
efficiency of FIB technique can be boosted when combining with NIL. However, 
NIL only works on a small scale. Meanwhile, both the master and the work piece must 
be flat. The replication of nanostructures on curved surfaces is still a challenging 
task. For nanostructures to become ubiquitous they will have to be mass produced at 
low cost.

Fig. 7.31 Hard silicon master fabricated by FIB
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7.6.2  FIB Machining and Single-Point Diamond Turning

In order to overcome this limitation, another hybrid machining approach based 
on FIB machining and SPDT has been developed. SPDT has been exploited suc-
cessfully to generate a wide range of optical structures from discrete optical 
components to large-area micro-optic based films such as brightness enhance-
ment films for LCD displays [34]. It is suitable at the industrial scale production 
with a high throughput. However, the size of the cutting tools limits the applica-
tion of SCD turning in nanotechnologies. Because of the extreme hardness of 
diamond, it is very difficult to machine SCD tools by routine micromachining 
techniques. The choice of shaping techniques is very limited. The literature 
reports that laser [49] and FIB methods [32] can be used to shape diamond. By 
applying advanced ion milling techniques to trim diamond tools, it is possible to 
increase the complexity and ultimate dimensional resolution of diamond-machined 
products.

In the last few years, the feasibility of fabricating micro-tools by FIB sputtering 
has been successfully demonstrated by many researchers. Micro-cutting and micro- 
milling tools made of diamond [10], cobalt M42 high-speed steel and C2 tungsten 
carbide [2, 3] were successfully developed. These tools’ dimensions range from 15 
to 100 μm. In order to extend the application of this hybrid machining method to 
nanofabrication, Sun et al. developed diamond-cutting tools with nanoscale periodi-
cal chisel structures on the tip as shown in Fig. 7.32 [44]. For the sake of contrast, 
the original SCD tool is shown in Fig. 7.32a. Figure 7.32b, c shows SEM images of 
an FIB-fabricated nano-SCD tool. An ion-induced secondary electron image (taken 
from the clearance facet) of the diamond tip with a magnification × 20, 000 is shown 
in Fig. 7.32d. Periodical chisel structures with finely finished edges are successfully 
obtained. The ripple-free sidewalls on the diamond tip are clearly observed in 
Fig. 7.32c. A surface roughness Ra of 1 nm was obtained on both of the clearance 
facet and the rake facet.

The cutting performance of the nano-SCD tool was tested on a Precitech 
Freeform 700 ultra-precision diamond-turning machine. The FIB-machined 
nano- SCD tool was mounted on this machine to fabricate nano-grating array on 
an electroless nickel substrate as shown in Fig. 7.33a. The fabricated micro-
grating array is shown in Fig. 7.33b, where colourful interference fringe can be 
clearly observed. An SEM image of the nano-grating array with a magnification 
of 15,000 is shown in Fig. 7.33c. Figure 7.33d shows the cross-sectional view of 
the nano-grating array. Nano-grating array with good form coherence was suc-
cessfully obtained. Using such a nanoscale diamond tool in diamond turning pro-
cess to fabricate nanostructures, the material removal rate is 30,000 times higher 
than purely FIB machining with ion current of 1 nA [44]. The machining effi-
ciency can be further improved by fabricating more nanostructures on the diamond 
tool tip.

7 Deterministic Fabrication of Micro- and Nanostructures by Focused Ion Beam



200

7.6.3  FIB Machining and Laser/Plasma Machining

In addition to the above hybrid machining techniques, laser and plasma sources 
have also been integrated with the FIB machining system. This combination allows 
the FIB machining system to satisfy high-resolution requirements and ultra-fast 
material removal rates at the same time. There have already been several such kinds 
of commercial FIB systems successfully developed and are available on the market. 
For example, the Zeiss AURIGA Laser system integrates a laser source, an ion 
source and an electron source into the same workstation which enables an extremely 
fast material removal and precise fine removal machining capability. The Tescan 
FERA3 XMH Plasma FIB-FESEM workstation integrates a xenon plasma source 
into the system to remove bulk material effectively.

Fig. 7.32 A nanoscale SCD tool fabricated by FIB machining. (a) Original SCD tool; (b) a lower 
magnification view of the same tool trimmed by FIB; (c and d) lateral and top view of the nanoscale 
SCD tool
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7.7  Conclusions

In this chapter a deterministic fabrication of micro- and nanostructures by FIB has 
been introduced. The sputter yield and the distribution of sputtered atoms are calcu-
lated using the Monte Carlo method. The FIB machining process is modelled and 
simulated based on an ion–solid sputtering model combined with the level set 
method. The machined surface topography generation is accurately predicted.

The divergence compensation method can reduce the divergence caused by the 
variation of sputter yield, overlap effect and redeposition effect. The machined surface 
form accuracy can be dramatically improved by using this method. A less than 3 % 
relative divergence was consistently achieved for the basic microstructures. The diver-
gence compensation method can also be implemented in FIB machining to obtain 
fabrication parameters for accurately machining micro- and nanostructures.

By combining with other manufacturing techniques such as NIL and SPDT, the 
authors believe that it is very promising to develop high-throughput manufacturing 
techniques which can meet the industrial requirement to fabricate micro- and nano-
structures over extremely large area cost-effectively.

Fig. 7.33 Nano-grating array diamond turned by the nano-SCD diamond tool: (a); (b) Electroless 
nickel; (c) the SEM image of the nano-grating array; (d) cross-sectional view of the nano-grating 
array
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Abstract Focused ion beam (FIB) techniques have played an important role in 
nanoscience over the past ~10 years, providing a versatile method of manipulating 
matter on the nanoscale. During this time, FIB techniques have been used to modify 
and enhance probes for atomic force microscopy (AFM) techniques, enabling a vari-
ety of ingenious and exciting AFM applications with specialized probes. This chapter 
highlights novel applications of FIB processing, where ion beam milling has been 
used to quantitatively and accurately determine the mechanical properties of atomic 
force microscope cantilevers. Several other novel contributions of FIB methods 
towards the field of AFM are also reviewed.

8.1  Introduction

Over the past 10 years, focused ion beam (FIB) microscopy has developed into an 
extremely versatile technique for manipulating materials in nanoscale science. 
The ability to remove and deposit material with nanometer resolution provides a 
direct method of manipulating nanoscale systems and fabricating unique struc-
tures. Another relatively new method in nanoscale science is scanning probe 
microscopy (SPM), a term which encompasses a collection of techniques which 
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all utilize a nanoscale probe to sense surface forces and interactions. The design 
of SPM probes to sense specific interactions has resulted in a host of microscopy 
techniques capable of mapping a variety of forces in three dimensions [1–4]. This 
chapter provides a brief background on FIB processing and on SPM methods 
(primarily the atomic force microscope). The application of FIB processes to the 
field of atomic force microscopy (AFM) is reviewed by highlighting two recent 
publications by the authors and several other interesting applications reported in 
the literature.

8.2  Background

8.2.1  Focused Ion Beam Processes

At the fundamental level, FIB techniques rely on the interaction between a beam of 
ions with kiloelectron volt energies and the surface of interest. There are several 
processes that can occur in this situation; these are implantation of the ions in the 
sample, sputtering of the sample atoms, emission of electrons, and possible chemi-
cal reactions. These effects provide several ways to interact with and characterize a 
sample; using a narrowly focused beam of ions, these tasks can be performed on the 
nanoscale. The generation of secondary electrons means that FIB microscopes 
operate in a similar manner to scanning electron microscopes (SEMs). The basic 
design of an FIB column is shown in Fig. 8.1, and the operation and development of 
these columns are briefly introduced.

There were several important advancements which enabled the field of FIB pro-
cessing to emerge, one of which is the development of the liquid metal ion source 
(LMIS) [6–8]. These consist of a tungsten tip (with end diameter as small as 5 nm) 
and a reservoir of liquid metal (usually Ga) which wets the tip with a thin metallic 
film. High potential applied to the tip results in the formation of a Taylor cone [9], 
which forms a tip size of approximately 10 nm diameter. Field emission is used to 
extract the Ga ions from the tip of the Taylor cone, and the ions are accelerated 
down the column. The application of ion focusing columns with these LMIS sources 
enabled the development of the first scanning ion microscope [10].

Initially, FIB instruments were applied extensively in the microelectronics indus-
try, where the ability to remove and deposit material was invaluable, specifically for 
repairing photomasks, doping, and performing direct lithography. Over the past 
decade, FIB techniques have been adopted extensively in materials science, as the ion 
beam can be used to image samples and also to sputter material with high precision. 
One of the disadvantages of imaging with an ion beam is that the imaging process 
is destructive, and care must be taken to ensure that sample damage is minimal. 
To avoid this problem, there are a number of “dual-beam” systems available com-
mercially which incorporate an electron beam for imaging and an ion beam for 
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milling. The ability to nondestructively image a sample with the electron beam and 
mill features with the ion beam makes dual-beam instruments incredibly useful for 
applications in materials science.

8.2.2  Scanning Probe Microscopy

SPM has contributed substantially to the advancement of nanoscience. The concept 
of a scanning probe microscope was developed by Young in 1966 [11]. Young et al. 
developed a device they called the “topografiner,” and its application in profiling 
surfaces was reported in 1972 [12]. The pioneering work by Young et al. led to the 
invention of the scanning tunneling microscope (STM) by Binnig and Rohrer in 
1983, which enabled microscopists to visualize individual atoms for the first time 
[13]. The atomic force microscope (AFM) was developed by Binnig, Gerber, and 
Quate shortly after in 1986 [14], and the family of SPMs has been developing ever 
since. The versatility and high resolution of the AFM in particular have resulted in 
widespread adoption and extensive use in materials science, biology, nanotechnology, 

Fig. 8.1 Schematic of an FIB column, showing the various components and geometry. Reprinted 
with permission from [5]. Copyright 2013, Elsevier
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and industry. This review focuses mainly on the operation of the AFM; however, 
there are many excellent, detailed introductions to the field of SPM available to the 
interested reader [15, 16].

There are a wide variety of commercial AFM systems available; however, the 
majority operates on the same basic principles which are depicted in Fig. 8.2.

At the heart of the AFM is the force-sensing probe, which interacts with the 
sample surface. The probe is generally a sharp tip attached to the end of a flexible 
cantilever, and by measuring the deflection of the cantilever when the tip interacts 
with the surface, the force applied can be determined.

The probe consists of the sharp imaging tip, the cantilever, and the comparatively 
large piece of material on which the cantilever is mounted, which is often called the 
chip and is typically silicon or glass. Cantilevers can be manufactured with many 
geometries; however, the most common are the so-called beam-shaped and V-shaped 
types which are shown in Fig. 8.3.

In practice, the deflection of the cantilever is usually measured using a laser 
beam reflected off of the back of the cantilever into a four-quadrant photodiode. 
As the cantilever deflects, the position of the reflected laser spot is then detected on 
the photodiode. This setup is commonly referred to as the “optical lever” or “beam 
bounce” method and provides a low-cost, simple method to measure the cantilever 
deflection with sub-nanometer precision. Other methods for measuring the force 
interaction include laser Doppler vibrometry (LDV) [17] and probes with in-built 
sensors for direct force readout [18].

Imaging of the sample is achieved by rastering the tip across the surface, using 
piezoelectric movement such that the probe can be moved in the x-, y-, and z- 
directions as shown earlier in Fig. 8.2. A feedback loop is employed to maintain 
constant force interaction as the tip is scanned over the surface, and so the resulting 

Fig. 8.2 Schematic of the basic components of a sample-scanning atomic force microscope
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image is a map of constant force over the sample surface which generally reflects 
the sample topography. This describes the simplest imaging mode available, which 
is termed “contact mode” where the static deflection of the cantilever is used as the 
feedback signal. There are a variety of modes developed, but certainly the most 
widespread is tapping or intermittent contact mode. Tapping mode is a dynamic 
imaging mode where the cantilever is oscillated sinusoidally at its resonant frequency. 
As the probe interacts more strongly with the surface, the amplitude of oscillation is 
damped and so in most applications it is the amplitude of the cantilever that is used as 
the feedback signal to maintain a constant tapping force as the probe scans.

In addition to imaging, AFM can be used to directly measure forces on the 
nanoscale. This is commonly achieved through force spectroscopy or force–
distance curves, an example of which is given in Fig. 8.4.

Figure 8.4 shows the tip approaching the surface in region A, until B where 
attractive forces cause the cantilever to bend towards the surface and the tip makes 
contact. Further extending the tip in region C causes the cantilever to deflect away from 
the surface as repulsive forces are experienced and the tip pushes into the surface. 
The tip is then retracted in region D and the cantilever unloads as the pressure on the 
tip and surface decreases. Adhesive forces result in the tip adhering to the surface 
during retraction, until these forces are overcome at position E when the tip detaches 
from the surface and the cantilever returns to the equilibrium position.

In order for such tip–surface interaction measurements to be quantitative, critical 
properties of the cantilever such as deflection sensitivity and spring constant must 
be well understood. Here we provide an overview of these properties as well as 
describe several methods that are used to determine these quantities.

8.2.2.1  Deflection Sensitivity

As discussed previously, the AFM is an ideal instrument for measuring forces on the 
nanoscale and has found many applications in this area. Despite its name, AFM does 
not measure force directly. The deflection of the cantilever (a photodiode signal often 

Fig. 8.3 SEM images of a beam-shaped cantilever (a) and a V-shaped cantilever (b)
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in volts or milliamps) is the raw data that is obtained when the cantilever experiences 
a force. This signal must be converted to a deflection (often in nanometers) and then 
to a force (often in nanonewtons). The conversion factor that is used to obtain 
deflection (distance) is known as the tip’s deflection sensitivity and typically has 
units of nm V−1. The deflection sensitivity is unique to each individual cantilever 
and can even change if a probe is repositioned or re-loaded into the instrument, as 
the geometry of the optical lever only needs to be altered slightly to effect a change 
in the deflection sensitivity.

The sensitivity is most commonly measured by performing a force–distance 
curve on a hard surface such as silicon or sapphire, so that there is no indentation or 
flexing of the surface. In this case, any extension of the scanner results in an equal 
amount of cantilever deflection. Dividing the known cantilever deflection by the 
change in photodiode signal gives the deflection sensitivity in nm V−1. Practically, the 
sensitivity is obtained by measuring the slope of the force curve in the contact regime 
(i.e., during phases denoted C and D shown in Fig. 8.4). The main disadvantage to 
this approach is that the tip must contact a hard surface, which often results in tip 
damage to some extent. There have been several methods reported in literature to 
eliminate the problem of tip–surface contact during deflection sensitivity measure-
ments, although often at the cost of additional uncertainty [17, 20–22].

8.2.2.2  Spring Constant

Treating the cantilever as a first-order spring (which is a good approximation for 
small deflections), Hooke’s law can be used to determine the force acting on the 
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cantilever for a given deflection. Shown in (8.1), F is the force in Newtons acting on 
the cantilever, resulting in a normal displacement of x meters and k is the  cantilevers’ 
spring constant:

 F kx= -  (8.1)

In order to quantitatively measure force using the AFM, the cantilevers’ spring 
constant and (8.1) are used. Often the spring constant must be determined as a func-
tion of position along the cantilever, one example is when the tip is not located exactly 
at the free end of the cantilever (where the spring constant is often specified). 
The spring constant of the cantilever increases with position from the free end to the 
fixed end, and Sader et al. derived an expression for this which is valid for beam-
shaped cantilevers [23]. This expression shown in (8.2) describes the spring constant 
(kΔL) at a position ΔL from the cantilevers’ free end as a function of the spring 
constant at the cantilevers’ free end (kend) where L is the length of the cantilever:

 k k
L

L LL endD D
=

-
æ
è
ç

ö
ø
÷

3

 (8.2)

Manufacturers of AFM probes commonly supply nominal values for the spring 
constant (amongst other cantilever properties), which are specified for each type of 
probe. Unfortunately there is significant variation in cantilever parameters, even 
amongst a single batch. This is due largely to poor control over cantilever thickness 
which leads to a wide variation in spring constant [24]. For this reason, quantitative 
force measurements necessitate the accurate determination of each individual canti-
levers’ spring constant before use.

Determining the spring constant of AFM cantilevers is usually referred to as 
“cantilever calibration” and can be a very difficult procedure to perform accurately; 
this is demonstrated by the wide variety of methods developed specifically for 
this purpose. The following sections provide a brief overview of some of the more 
commonly used cantilever calibration methods.

Theoretical Methods

Basic beam theory is one of the most fundamental methods of determining the spring 
constant of the AFM cantilever. Applying the Euler–Bernoulli beam theory to an 
ideal-shaped rectangular beam with uniform material properties, the spring constant 
can be determined using the width (w), length (L), thickness (t), and Young’s modulus 
(E) of the cantilever, using the following formula [25]:

 k
Et w

L
=

3

34
 (8.3)

This approach is often referred to as the “simple beam” method, as it is most 
accurate when applied to rectangular cantilevers that have perfect beam-shaped 
geometry and well-known Young’s modulus such as single-crystal silicon. 
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Significant uncertainty arises for cantilevers with metallic coatings, cantilevers with 
poorly defined material properties such as silicon nitride [26], non-rectangular cross 
sections, and V-shaped cantilevers. The majority of cantilevers used in practice are 
often affected by one or several of these factors, and as a result there have been many 
corrections developed for the simple beam method which reduce the uncertainty 
somewhat [27, 28].

Static Methods

Perhaps the most common static cantilever calibration method is the reference 
cantilever technique. This method is one of the simplest and direct techniques for 
calibrating an AFM cantilever. This method generally involves pressing a test 
cantilever of unknown spring constant against a pre-calibrated reference cantilever 
or standard with known spring constant. The main advantage of this method is that 
the spring constant is measured directly and at the tip of the test cantilever, and the 
procedure is also quite simple to implement.

This process is shown in Fig. 8.5, along with the important measured quantities. 
After performing the required measurements, the spring constant of the test cantile-
ver can be determined by the following equation, where ktest and kref are the test and 
reference cantilever spring constants, respectively; SC and SH are the deflection 
sensitivity measured on the reference cantilever and a hard surface, respectively; 
and the remaining quantities are as defined in Fig. 8.5:

 k k
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 (8.4)

Unfortunately there are also several disadvantages which limit the accuracy of 
the technique. The uncertainty inherent in the technique is largely due to the uncer-
tainty in the spring constant of the reference cantilever, which is a function of how 
accurately the reference cantilever is calibrated and precise knowledge of the location 
that the test cantilever is pressing (ΔL).

Fig. 8.5 A schematic of the reference cantilever method showing important measured quantities. 
Reprinted with permission from [29]. Copyright 2013, IOP Publishing
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It is important when applying the reference cantilever method that the spring 
constant of the test and reference cantilevers be as close as possible. A Large mis-
match between the two cantilevers can result in a significant increase in the uncer-
tainty of the method, which limits the range of cantilevers that a particular reference 
cantilever can calibrate.

Dynamic Methods

There are many calibration methods which determine the spring constant as a function 
of the cantilevers’ dynamic properties; certainly, the most widely adopted of these 
is the thermal noise method [30]. Thermal energy results in the cantilever oscillating 
with very small amplitude at its resonant frequency. Hutter and Bechhoefer used the 
equipartition theorem to relate the cantilevers’ spring constant to the mean square of its 
displacement 〈dc

2〉 due to thermal motion, Boltzmann’s constant (kB), and ambient 
temperature (T) to obtain the following equation:

 k
k T

d
= B

cc 2 2
 (8.5)

This method has been implemented widely and is available on most commercial 
AFMs due to its ease of use. Once the deflection sensitivity of the cantilever is 
measured, the deflection of the cantilever is monitored for a period of time and the 
power-density spectrum obtained. Using the relation shown above, the spring con-
stant can be determined easily. The thermal method is applicable to a wide range of 
cantilevers as long as the appropriate corrections are applied. These corrections 
are grouped into a single term called the Chi factor (χ) and are determined using 
finite element analysis with a value of 1.106 for beam-shaped cantilevers [31] and 
1.144 for V-shaped cantilevers [32]. There are also corrections which must be 
made for laser spot position [33], tip height, and approach angle of the AFM to the 
surface [34].

The thermal noise method has been shown to provide very accurate results under 
certain applications; however, there are several factors (including the Chi factor 
corrections) which can introduce uncertainty. The thermal fluctuations measured 
are generally very small for cantilevers with high spring constant or very low mass; 
as a result, the signal measured approaches the noise level of the optical lever detec-
tion system. It is possible to use LDV to increase the accuracy of the measurement 
[17]; however, these detection systems are uncommon on commercial AFMs.

The Sader hydrodynamic method is another technique that has been widely 
implemented and determines the spring constant by analyzing the hydrodynamic 
drag on the cantilever while oscillating. The cantilevers’ spring constant is related 
to its plan view dimensions (L and w), resonant frequency (νf), Q factor (Qf), 
Reynolds number (Γi), and density of the medium (ρf) by the following equation:

 k Lw Qf f i f= ( )0 1906 22 2
. r G pn  (8.6)
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One of the reasons this technique has been so widely applied is due to its 
nondestructive nature and ease of use. Simply by knowing the length, width, and 
resonant properties of the cantilever, the spring constant can be determined to good 
accuracy. Originally this method was only applicable to beam-shaped cantilevers; 
however, recent work by Sader et al. has extended the technique to cantilevers with 
arbitrary geometries [35].

Sader et al. also developed a method which determines the spring constant based 
on the resonant frequency and effective mass of the cantilever [23]. Here, ρlever is the 
density of the cantilever material and ν0 is the resonant frequency, while L, w, and t 
are the cantilever dimensions defined previously:

 k nLwt lever= ( )( )r pn2 0

2
 (8.7)

The effective mass is related to the actual mass of the cantilever by the factor n, 
which can be determined using tables provided in the original publication. This 
method is also affected by the non-ideal properties described for the simple beam 
method, although the effect of uncertainty in thickness is significantly reduced in 
comparison to this method as the thickness term is only to the first power.

Cleveland et al. also developed a technique to determine the spring constant 
based on the cantilevers’ resonant frequency but without the requirement to mea-
sure the cantilevers’ thickness [25]. This technique is a result of combining (8.3) 
and (8.7) and is usually termed the Cleveland formula, which is given in (8.8) with 
the quantities as defined previously:

 k wL
E
lever=

æ

è
ç

ö

ø
÷2 3 3

3 1 2

3p
r

n
/

 (8.8)

Deviation from non-ideal cantilever geometry can introduce significant uncer-
tainty in this method. The application of the technique however is very simple and 
non-destructive and offers a reasonable estimate of the spring constant which is a 
significant advantage over other more complicated approaches. It should be noted 
again that for the methods described previously which incorporate a term for canti-
lever density, the application to silicon nitride cantilevers introduces significant 
uncertainty due to a wide variation in the material properties of the cantilever.

The Cleveland added mass method is the last method that is introduced and is most 
relevant to the work presented in the following section. This method involves damping 
of the cantilevers’ oscillation by loading it with a known mass and measuring the 
reduction in resonant frequency as a result [25]. Treating the cantilever as a simple 
harmonic oscillator, Cleveland et al. determined that the relationship between the mass 
added, shift in resonant frequency, and spring constant would be given by the following 
equation. Here, ΔM represents the addition of mass to the cantilever and ν0 and ν1 are 
the cantilevers’ resonant frequency before and after the mass change, respectively:

 k
M

=
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 (8.9)
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The method has been most commonly applied by loading the cantilever with a 
microsphere. The Cleveland method is one of the first spring constant calibration 
techniques developed; however, it suffers from relatively low precision due to two 
main factors. The first is the uncertainty in the mass with which the cantilever is 
loaded, both due to the difficulty in measuring the microsphere volume (Au, W, 
Si, etc.) and also due to the glue required to attach the sphere. The second source of 
uncertainty is in knowing the loading position of the mass on the sphere, which is 
critical for determining the spring constant. These sources of uncertainty provide 
the motivation for the work presented in the following section.

Calibration methods can also be categorized based on whether they are 
potentially destructive to the cantilever or not. Many techniques require the probe 
to be engaged on a hard surface in order to measure the deflection sensitivity (such 
as the thermal and reference cantilever methods) which can cause damage to the tip. 
Methods such as the Cleveland added mass technique require the cantilever to be 
modified (by attaching microspheres) which often requires the spheres to be fixed 
with adhesive and also has the potential to significantly damage the cantilever. 
There are significant benefits for techniques which are able to calibrate the cantile-
ver not only with reduced risk of damage but also without tip–surface contact. 
The following techniques presented incorporate both of these advantages.

8.3  Cantilever Calibration Using FIB Methods

8.3.1  FIB Mass Removal

The use of FIB processing in the calibration of AFM cantilevers offers the unique 
ability to remove material on a very small scale with extremely high precision. 
The precision of FIB processing was utilized as a powerful tool to reduce the main 
sources of uncertainty identified previously in the “Cleveland added mass method” 
[36]. The aim of this application was to significantly improve the accuracy of the 
technique, providing the AFM community with a method of calibrating a wide 
range of cantilevers with extremely high accuracy and without tip damage.

The ion beam was used to remove a complete section from the cantilever; a circle 
was generally chosen and was milled through the cantilever just behind the tip. 
The milled regions’ shape and position on the cantilever were precisely defined, 
and several examples are given in Fig. 8.6. Knowing the thickness of the cantilever 
and the density of the material removed, the precise quantity of mass removed and 
its location on the cantilever can be determined. Instead of measuring a decrease in 
resonant frequency as with the Cleveland added mass method, an increase in resonant 
frequency was observed as expected.

The spring constant is determined at the position of the mass removed and is 
given by (8.9). This expression determines the spring constant at the position of 
the mass removed, and so in order to correctly determine the force sensed by the tip, 
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the spring constant must be corrected using (8.2). Incorporating (8.2) into (8.9), 
the following equation is obtained where L represents the length from the cantilevers’ 
fixed end to the tip in this case, and ΔL is the distance from the removed mass to 
the tip:

 k
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Equation (8.10) allows the spring constant to be determined at the tip for a single 
mass removal step. It is also possible to remove mass in several steps and measure the 
resonant frequency shift after each milling process, which is similar to the approach 
that Cleveland et al. used in their original paper [25]. This is effectively a multiple point 
measurement and can be described by the following equation where Meffective is the 
effective mass added to the cantilever in each step and ν is the corresponding resonant 
frequency, keffective is the spring constant at the position of the added mass, and M* is the 
effective mass of the entire cantilever prior to milling:

 M k Meffective effective= ( ) -
-

2
2pn *  (8.11)

In this expression, Meffective is to correct for a mass applied (or removed) that is not 
located at the free end of the cantilever. If the mass is set back by a distance ΔL, then 
it can be corrected using (8.2) in the same manner as the spring constant.

Performing multiple point measurements and testing them against this relation 
can be used to test the validity of the assumptions made in (8.2) and (8.9). A plot of 
the effective mass removed versus the resonant frequency should produce a linear 
relationship where the slope is equal to the spring constant and the intercept is the 
effective mass of the cantilever before milling.

Fig. 8.6 Plan-view and corresponding side-view SEM images (directly below) of cantilevers C1 
(a), F1 (b), and F2 (c). Reprinted with permission from [36]. Copyright 2013, IOP Publishing
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8.3.1.1  Single-Point Calibration

FIB milling was used to remove mass from a variety of different cantilevers, 
initially in a single-point measurement approach. Three tipless silicon CLFC refer-
ence cantilevers (R1–3) from Bruker and a silicon tapping mode probe (M1) from 
Mikromasch were calibrated in this manner. Careful measurement of the dimen-
sions using SEM allows the mass to be removed and its location to be accurately 
determined. After measuring the shift in the resonant frequency, (8.10) was applied 
to determine the spring constant at the cantilevers’ tip or at the free end for tipless 
types (Table 8.1).

The agreement between the FIB method and the others is quite good for cantilevers 
R2 and R3, with the results agreeing to within 2–8 %. We expect that most of 
the other methods will also be accurate, as the geometry of these cantilevers is 
close to ideal beam shaped and the cantilevers’ properties have been measured very 
carefully. Conversely, the spring constant is overestimated by 10–15 % by the FIB 
method for cantilever R1, and we believe that this is a result of the error of small 
shift in resonant frequency observed.

This result identifies a limitation in the FIB method where a small shift in resonant 
frequency increases the uncertainty in this measured quantity. In order to keep the 
uncertainty in the resonant frequency low, a shift of approximately 2 kHz is required 
for the measurement method used. The minimum quantity of material that must be 
removed to generate such a resonance shift with a cantilever of spring constant 
0.7 N m−1 and thickness 1 μm is approximately 1–5 % of the cantilevers’ mass.

For cantilevers where the resonance shift is large enough, the uncertainty 
observed is very low. Cantilever R3 possesses an uncertainty of only 7 %, which is 
primarily due to the uncertainty in their thickness. This level of uncertainty is com-
parable with the most accurate calibration methods currently available and is 
expected to be reduced to less than 5 % for certain types of cantilevers and with the 
ability to measure cantilever thickness with lower uncertainty.

Table 8.1 Spring constant values determined using the single-point FIB method, compared to 
results from established methods

Spring constant (N m−1)

Cantilever FIB (7–10 %)
Thermal 
(10–20 %)

Sader  
hydrodynamic 
(5–10 %)

Sader 
dimensional 
(5–10 %)

Cleveland 
dimensional 
(5–10 %)

Euler beam 
formula 
(10 %)

aR1 0.0950 ± 0.021 – 0.0842 0.0811 0.0820 0.0860
aR2 0.746 ± 0.060 – 0.727 0.690 0.701 0.726
aR3 6.40 ± 0.45 – 6.51 6.22 6.22 6.77
M1 44.3 ± 2.8 42.1 46.8 44.1 36.70 42.3
aThese cantilevers possess ideal beam-shaped geometry, and as such the estimated uncertainty 
range of the established methods is low
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8.3.1.2  Multiple Point Calibration

Three cantilevers (C1, Mikromasch CSC12) and (F1-2, Bruker FMV) were cali-
brated using the multiple-point measurement approach introduced previously. 
This was performed to validate the method itself and would also be expected to 
reduce the uncertainty of the method at the cost of increased calibration time. Mass 
was removed incrementally by enlarging the hole size in steps, and the resonance 
shift after each mass removal was measured; SEM images of these cantilevers are 
shown in Fig. 8.6.

By plotting the data to satisfy (8.11), a linear relation is observed which is shown 
in Fig. 8.7 for each cantilever. The spring constant can be read directly from these 
plots as the slope, and these results are shown in Table 8.2. The excellent fit between 
the data and the linear regression suggests that the use of a single-point measure-
ment is accurate and that the inherent assumptions in the technique are valid. 
The validation of the technique and the assumptions made is discussed in more 
detail in the following section.

Comparing these results with other established methods in Table 8.2, it can be 
seen that the agreement between results is generally very good. The uncertainty 
quoted on the FIB results is determined from the propagation of error in measure-
ment, while the uncertainty given for the other techniques is from their reported 
uncertainty in literature. In accordance with the sources of uncertainty identified in 
the introduction of the various established techniques, the highest uncertainty is 
often observed for cantilevers with complex geometry and other non-ideal factors. 
However, we expect that the uncertainty using the multiple-point measurements 
will be lower than that associated with the single-point results shown previously, 
making this procedure useful for highly accurate spring constant calibration.

8.3.1.3  Validation of the Method

A potential disadvantage of the FIB method is that the cantilever is altered quite 
significantly. It is reasonable to propose that the milling process may damage or 
alter the cantilevers’ properties in some way, thus affecting the operation of the 
cantilever or introducing uncertainty into the method. A number of tests were 
 performed to determine whether this was the case or not.

In order to determine the effect of FIB milling on the spring constant of the can-
tilever, the reference cantilever method was used to directly measure any changes. 
The spring constant of cantilever C1 was measured at the end of the cantilever dur-
ing the multiple-point measurement process. After the hole was made wider in each 
step, the spring constant (relative to the initial value) was measured and plotted 
against the ratio of the hole diameter to the width of the cantilever. The result of this 
experiment is shown in Fig. 8.8, and it is evident that the change in spring constant 
as a result of mass removal at the end of the cantilever is very minor. Almost no 
change is observed for hole diameters up to 40 % of the cantilevers’ width, and even 
when the hole reaches 85 % of the width of the cantilever the reduction in spring 
constant is approximately 10 %.
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Fig. 8.7 The multiple-point measurement method applied to cantilevers C1 (a), F1 (b), and F2 (c). 
Reprinted with permission from [36]. Copyright 2013, IOP Publishing
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It is proposed that this result is due to the location of the removed mass. The hole 
is located as close as possible towards the free end of the cantilever, while the 
mechanical properties of the cantilever are more strongly defined by the material 
closer to the fixed end of the beam. This is where the majority of the strain occurs 
under flexing, and this may explain why the milling process has almost no effect on 
the cantilevers’ spring constant. Further investigation showed that the milling loca-
tion is an important factor in whether the mechanical properties of the cantilever are 
affected; these results are reported in Table 2 of [36].

It is also possible to theoretically determine the resonant frequency of the can-
tilever after mass removal. The derivation for this equation can be obtained in the 
supplementary material of the original publication [36] and assumes that the dimen-
sions of the cantilever are uniform, that the effective mass removed has no effect on 
the spring constant, and that the effective mass removed is accurately described 
by (8.9). By comparing the theoretical values to the ones observed experimentally, 
all of these assumptions are tested. The terms in the following equation are as 
defined previously:

 n
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These results are shown in Fig. 8.9, where the resonant frequency is plotted 
against the ratio of the hole diameter to the width of the cantilever. Very good agree-
ment is observed over the entire range of measurements, which further supports the 

Fig. 8.8 Variation of the spring constant at the end of cantilever C1 after each sequential milling 
step, measured by the reference lever method. Reprinted with permission from [36]. Copyright 
2013, IOP Publishing
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assumption that the milling process has little effect on the cantilevers’ mechanical 
properties and that the assumptions made in the technique are valid.

The data presented in Figs. 8.8 and 8.9 appear to be inconsistent, as they show 
the same cantilever observed using two different approaches to measure the mechan-
ical properties as the hole size increases. Monitoring the spring constant directly 
with the reference cantilever method, a 10 % decrease in spring constant at the larg-
est hole is observed. Conversely, the data presented in Fig. 8.9 shows insignificant 
difference between the resonant frequency expected theoretically and the one 
observed experimentally. This apparent inconsistency is attributed to a change in the 
relationship between the static and the dynamic spring constant. The static and 
dynamic spring constants of a rectangular cantilever are not equal for the first reso-
nance mode; these quantities differ by a few percent and are related by kd/ks = 1.03. 
Hahner and Melcher et al. recently demonstrated that cantilevers with non- 
rectangular geometries can have dynamic spring constants increased relative to their 
static spring constants [37, 38]. Even small changes in the geometry at the end of the 
cantilever were shown to increase this ratio by approximately 5 %. The removal of 
a circular section behind the tip is also expected to increase the ratio between the 
static and dynamic spring constant. The data in Fig. 8.8 shows the static spring con-
stant of the cantilever, while the data in Fig. 8.9 measures the dynamic property of 
resonant frequency; hence, it is proposed that the milling process does not change 
the dynamic spring constant. However when the diameter of the hole is approxi-
mately 50 % of the cantilever width the ratio of the dynamic to static spring constant 
increases due to the changing shape of the cantilever. This must result in a decrease in 
the static spring constant. Essentially a hinge is formed when D/W is 0.50 or greater. 

Fig. 8.9 Comparison between theoretically derived and experimentally determined resonant 
frequencies plotted as D/W increases for cantilever C1. Reprinted with permission from [36]. 
Copyright 2013, IOP Publishing
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Therefore to avoid this issue it is recommended to keep the diameter of the milled 
hole less than 50 % of the cantilever width.

A significant advantage of the FIB calibration method is that the cantilever can 
be calibrated without the tip ever touching a surface. This preserves the sharpness of 
the tip for accurate measurements and is especially important for tips that have been 
modified/functionalized. An AFM image of a silicon surface with CVD-grown carbon 
nanotubes was acquired using a FIB-milled cantilever (Fig. 8.10); the image demon-
strates that the FIB-milling process preserves the sharpness of the imaging tip and that 
the cantilever is capable of imaging. This result was expected, as the results presented 
previously show negligible change in the cantilevers’ mechanical properties, and 
the tip is never contacted to a surface during the calibration procedure.

8.3.2  FIB-Milled Positional Markers

In addition to the mass removal method, FIB milling was also applied to improve the 
reference cantilever technique [29]. Although the mass removal method is able to 
calibrate a wide range of cantilevers with very high accuracy, there are certain types 
of probes which it is unsuitable for. These are primarily cantilevers fabricated from 
silicon nitride, as the density of this material can vary substantially which introduces 
significant uncertainty into the technique. The presence of metallic films (such as Au, 
Ti, and Cr) also introduces uncertainty in the density of the removed mass, as the 
thickness of the films is not well known with only nominal values available from the 
manufacturer. The reference cantilever technique is very powerful in that it mea-
sures the spring constant of an unknown cantilever directly and is thus unaffected by 
these factors.

Fig. 8.10 AFM image of a silicon surface covered with CVD-grown carbon nanotubes, acquired 
using cantilever F1 after the milling procedure. Reprinted with permission from [36]. Copyright 
2013, IOP Publishing
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8.3.2.1  Standard Geometry

In the introduction of the reference cantilever method, the main source of uncertainty 
was identified as knowing the value of ΔL accurately. To address this, FIB milling 
was used to produce small spatial markers along the length of several reference 
cantilevers as shown in Fig. 8.11b, c.

The test cantilever can be located on a marker using the AFM optics, the probe is 
then engaged on the reference cantilever, and the marker is located by AFM imaging 
as shown in Fig. 8.11a. The exact location on the cantilever is known by comparing 
with SEM images of the markers and their location on the reference cantilever, and 
calculation of the spring constant is identical to the procedure used in the standard 
reference lever technique with (8.4). An AFM image of the spatial markers is shown 
in Fig. 8.12, demonstrating the ease with which these features can be located.

This approach reduces the uncertainty in the loading position (ΔL) to the order 
of 100 nm or less, reducing the uncertainty in ΔL substantially. The presence of 
spatial markers along the reference cantilever has the added benefit of providing a 
wide range of available spring constants along a single cantilever, as the spring 
constant scales to the cubed power with position (ΔL).

The reference cantilevers used were Bruker CLFC type, which consist of three 
ideal beam-shaped cantilevers of different spring constants on a single chip. The ideal 
beam shape and uncoated nature of these cantilevers means that they can be cali-
brated very accurately using established methods such as those introduced in 

Fig. 8.11 Schematic of the reference lever method applied with FIB-milled spatial markers 
(a), an optical image of the reference lever measurement (b), and an SEM image of the FIB-milled 
reference cantilever (c). Reprinted with permission from [29]. Copyright 2013, IOP Publishing
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Sect. 8.2.2.1. These cantilevers were calibrated, and then FIB milling was used to 
produce spatial markers in 20 μm intervals along their length, which is shown in the 
figure. Using these three cantilevers and the range of markers milled into them, a 
spring constant range from approximately 0.1 to 30 N m−1 was available with the 
upper limit being defined by how close the markers were positioned to the base of 
the cantilever.

Single-Point Measurements

With the wide range of reference lever spring constants available, it was possible to 
calibrate a number of test cantilevers with equally diverse spring constants. These 
results are presented in Table 8.3, for beam-shaped and V-shaped cantilevers, and 
compared to several well-established calibration methods.

Fig. 8.12 AFM image of FIB-milled spatial markers in the reference cantilever, acquired during 
the reference cantilever calibration procedure. Reprinted with permission from [29]. Copyright 
2013, IOP Publishing

Table 8.3 Spring constants determined using the single-point calibration technique for several 
cantilevers and compared to established calibration methods

Spring constant (N m−1)

Cantilever
Spatial marker standard 
reference lever method

Thermal noise 
(±10–20 %)

Sader hydrodynamic 
(±10–15 %)

Cleveland formula 
(±10–15 %)

V3 0.167 ± 0.012 0.150 ± 0.023 – –
V4 0.176 ± 0.011 0.155 ± 0.023 – –
V5 0.298 ± 0.019 0.292 ± 0.044 – –

0.312 ± 0.024
V6 0.625 ± 0.039 0.600 ± 0.090 – –

0.633 ± 0.043
F2 2.42 ± 0.14 2.38 ± 0.24 2.53 ± 0.32 2.33 ± 0.29
M1 37.4 ± 2.3 37.5 ± 4.7 37.5 ± 4.7 –
M2 40.7 ± 2.5 44.6 ± 6.7 42 ± 6.3 –

Reference lever methods were performed such that the spring constants of the two cantilevers 
matched as closely as possible. The cantilever types are the V-shaped (V, Bruker SNL) and the 
beam-shaped (F, Bruker FMV, and M, Mikromasch NSC15). Reprinted with permission from [29]. 
Copyright 2013, IOP Publishing
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The results presented above show good agreement between all methods, which 
demonstrates that all of the methods used can be quite accurate when applied care-
fully and only where they are applicable. An absence of results for a particular 
method indicates that the technique was not suitable for calibrating the cantilever. It 
is evident that the V-shaped cantilevers in particular are quite limited in the tech-
niques available to calibrate them. An immediate benefit of the reference cantilever 
method is that it is applicable to any cantilever and is a direct measurement tech-
nique, requiring no correction for different cantilever geometry.

The results for the reference lever method using spatial markers in particular 
agree with the other methods within experimental uncertainty, which is between 6 
and 10 %. A detailed uncertainty analysis is provided in the supplementary material 
of the original publication [29].

Multiple-Point Measurements

The reference cantilever method can be applied at multiple points along the length 
of the cantilever; multiple-point measurements were used by Gates et al. and Clifford 
et al. to improve the accuracy of the reference lever technique [39, 40]. In an approach 
similar to that of Gates et al., single-point measurements were performed at several 
locations along the length of the cantilever, and the terms in (8.4) were plotted as 
shown in Fig. 8.13 to yield a linear relationship. The spring constant of the test can-
tilever (ktest) is obtained at the point where the x-axis is equal to 1, as shown in 
Fig. 8.13.

Fig. 8.13 The multiple-point measurement method applied to cantilever F1 in the standard con-
figuration. Reprinted with permission from [29]. Copyright 2013, IOP Publishing

A.D. Slattery et al.
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This analysis was performed on four cantilevers, and the results are shown in 
Table 8.4. The uncertainty introduced by the reference lever method in this case is 
expected to be very low; Clifford et al. determined that the potential uncertainty in 
a multiple-point calibration method could be as low as 0.6 % [40]. Given the 
increased accuracy in the measurement afforded by the use of the spatial markers, 
we believe that an uncertainty of 0.6 % is a reasonable estimate for the multiple- 
point measurement results presented in Table 8.4.

The results presented for the multiple-point reference lever method all agree with 
the established techniques as expected, given the results for the single-point mea-
surements and the expectation that the uncertainty should be lower for this method. 
It is interesting to note that in several cases the uncertainty on the single-point mea-
surements is comparable to the multiple-point technique. This is likely due to the 
use of FIB spatial markers, which demonstrates the benefit of these positional fea-
tures when applying the reference lever method.

8.3.2.2 Inverted Geometry

A significant disadvantage of the reference cantilever method is that the technique 
requires force curves to be performed both on a hard surface (silicon or sapphire) 
and on the reference cantilever itself. This almost certainly results in some degree 
of damage to the tip of the probe such as that shown in Fig. 8.14, which is a result 
of performing many static force curves on hard surfaces. Obviously this is undesir-
able, in particular for applications where the probe has been functionalized or where 
the tip is extremely delicate (i.e., carbon nanotube probes).

Using a similar approach as described previously, the reference cantilever method 
can be applied without potential damage to the test cantilevers’ tip. FIB milling was 
again used to mill spatial markers, but now they are located along the length of the 
test cantilever. The reference cantilever method was then inverted as shown in 
Fig. 8.15a, allowing the test cantilever to be calibrated accurately without the tip 
ever contacting a surface.

When calibrating a V-shaped cantilever, it is also possible to apply the inverted 
reference cantilever method without the use of spatial markers. This is achieved by 

Table 8.4 Spring constant measurements determined using the multiple-point reference lever 
method, compared to other calibration methods

Spring constant (N m−1)

Cantilever
Spatial marker standard 
reference lever method

Thermal noise 
(±10–20 %)

Sader hydrodynamic 
(±10–15 %)

Cleveland formula 
(±10–15 %)

V1 0.088 ± 0.005 0.086 ± 0.013 – –
V2 0.114 ± 0.006 0.109 ± 0.016 – –
V7 0.680 ± 0.052 0.635 ± 0.010 – –
F1 2.34 ± 0.13 2.33 ± 0.23 2.48 ± 0.31 2.30 ± 0.29

Cantilever types are as described in Table 8.3. Reprinted with permission from [29]. Copyright 
2013, IOP Publishing
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reverse imaging the V-arm intersection of the test cantilever with the AFM prior to 
performing the reference lever measurement. The distance from the V-arm intersec-
tion to the probe tip on the test cantilever can then be determined exactly by SEM 

Fig. 8.15 Schematic of the inverted reference lever method applied with FIB-milled spatial markers 
(a), an optical image of the reference lever measurement (b), and an SEM image of the FIB- milled 
test cantilever (c). Reprinted with permission from [29]. Copyright 2013, IOP Publishing

Fig. 8.14 An SEM image of a Bruker FMV probe that has been blunted by repeated force curve 
measurements typical of those performed during reference cantilever calibration. Reprinted with 
permission from [29]. Copyright 2013, IOP Publishing

A.D. Slattery et al.
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imaging to precisely determine the loading position. This is shown in Fig. 8.16, where 
the AFM image obtained is overlaid on an SEM image of the probe; the  location of 
the reference lever measurement is located in the centre of the AFM image.

To determine the spring constant, (8.4) must be rearranged in the case of the 
inverted method, which gives (8.13). In this expression, the terms after kref have 
been inverted, and L is now the length of the test cantilever (Ltest), while the length 
of the reference cantilever is Lref. In addition, ΔL is now the distance from the 
loading point of the reference cantilever tip to the test cantilevers’ tip, and Dref is 
the height of the reference cantilevers’ tip. These quantities are shown clearly in 
Fig. 8.15a:
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The inverted reference lever method was applied to a number of different cantile-
vers with both beam- and V-shaped geometry. The spring constant was determined 
using (8.13), and the results obtained are shown in Table 8.5.

Comparing the inverted reference lever method with the standard method, good 
agreement is observed for all of the cantilevers studied with essentially the same 
level of uncertainty that was observed with the standard method. This indicates that 
in cases where preserving the imaging tip is important, the inverted reference lever 
method is a useful approach for accurately measuring the spring constant.

Fig. 8.16 An AFM image of the V-arm intersection, overlaid on an SEM image of the cantilever. 
Reprinted with permission from [29]. Copyright 2013, IOP Publishing
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8.4  FIB Modification of AFM Probes

The ability to remove and deposit material on the nanoscale has resulted in many 
applications where FIB processing has been used to modify AFM probes. Some 
recent applications reported in literature are highlighted in this section.

8.4.1  Cantilever Property Enhancement

The cantilever and the probe are at the heart of the AFM, and as such the properties 
of these components largely determine the performance of the instrument. It is no 
surprise that there have been many reports of using FIB processing to alter and 
enhance the way in which the cantilever behaves.

8.4.1.1 Improving Cantilever Performance

Altering the shape of the cantilever can have significant effects on its properties. One 
important property for AFM measurements is the cantilevers’ resonant frequency. 
Increasing the resonant frequency allows for a higher imaging speed [41], greater 
temporal resolution [42], and reduced noise due to thermal vibration [31]. Hodges 
et al. used FIB milling to modify the geometry and surface area of beam- shaped and 

Table 8.5 Spring constants determined using the inverted reference lever method compared to 
established techniques

Spring constant (N m−1)

Cantilever
Inverted 
reference lever

Thermal 
noise 
(±10–20 %)

Standard 
reference lever 
(data from 
Tables 8.3  
and 8.4)

Sader 
hydrodynamic 
(±10–15 %)

Cleveland 
formula 
(±10–15 %)

V1 (calibrated 
using 
cantilever V4)

0.084a
s ± 0.006 0.086 ± 0.013 0.088 ± 0.006 – –

(ΔL/L = 0.19)
0.088b ± 0.006

V1 (calibrated 
using V7)

0.085a
s ± 0.008 0.086 ± 0.013 0.088 ± 0.006 – –

(ΔL/L = 0.17)
0.089b ± 0.008

V2 0.117m ± 0.010 0.109 ± 0.016 0.114 ± 0.006
V3 0.150m ± 0.013 0.150 ± 0.023 0.162 ± 0.012c – –
V5 0.281s ± 0.020 

marker 1 
(ΔL/L = 0.12)

0.292 ± 0.044 0.305 ± 0.024c – –

F2 2.44m ± 0.15 2.38 ± 0.24 2.42 ± 0.14 2.53 ± 0.32 2.33 ± 0.29

Reprinted with permission from [29]. Copyright 2013, IOP Publishing
The superscripts a and b represent slightly different ΔL offset corrections, and are described in 
more detail in reference [29]. The subscripts s and m refer to values obtained from single and 
multiple point measurements respectively
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V-shaped AFM cantilevers in order to increase their performance by increasing their 
resonant frequency [43]. These cantilevers were designed to function optimally in 
fluid, such that the reduction in resonant frequency due to fluid damping would be 
minimal. Hodges et al. observed a two- to threefold increase in the performance of 
the modified cantilevers, which was limited mainly by the requirement for a large 
reflective surface on which to align the AFM laser spot (Fig. 8.17).

FIB modification of cantilevers has also been applied to reduce the hydrodynamic 
drag during dynamic operation modes (Fig. 8.18). Dynamic AFM was developed in 
liquid mode to reduce the force applied to the soft, delicate samples often encountered 
in this mode. A factor which can significantly affect the performance of a cantilever in 
dynamic mode is hydrodynamic damping, which is strongly dependent on the cantile-
vers’ size and shape. Typical cantilevers oscillating close to the surface in fluid can 
experience hydrodynamic damping forces on the order of several nanonewtons, which 
can have adverse effects on force measurements and the phase signal.

Fig. 8.17 Modified AFM cantilevers with reduced mass to improve performance. Reprinted with 
permission from [43]. Copyright 2013, American Institute of Physics

Fig. 8.18 FIB-modified AFM cantilever to reduce the effects of hydrodynamic drag and increase 
resonant frequency. Reproduced with permission from [44]. Copyright, American Institute of Physics
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Maali et al. used FIB milling to reduce the width of a standard beam-shaped 
AFM cantilever in order to reduce its hydrodynamic drag [44]. Using this approach, 
the hydrodynamic damping was observed to decrease by a factor of 10 in air and a 
factor of 7 in water (Fig. 8.19). This provides an effective method to reduce hydro-
dynamic forces that may hinder delicate measurements, using FIB processing to 
modify the probe.

8.4.1.2 Application to Sensors

In addition to the use of cantilevers for AFM applications, there is often overlap into 
the field of micromechanical sensors. Cantilever sensors are especially susceptible 
to thermal fluctuations, making them excellent thermal detectors. Lavrik et al. used 
FIB milling to optimize two commercially available cantilevers for calorimetric 
spectroscopy [45]. The FIB was used to remove material from the cantilever to 
reduce the thermal conductance between the sensing region and the cantilever sup-
port, as can be seen in Fig. 9 of [45].

In the field of micromechanical sensors, the FIB offers a powerful tool for rap-
idly producing prototype sensors [46]. This allows complicated sensor designs to be 
tested and optimized before considerable resources are invested in lithographic 
techniques and the production of specific masks.

8.4.2  AFM Tip Modification

In addition to modification of the cantilever, the FIB can be used to modify the 
imaging tip of the AFM probe. The function of these modified probes ranges from 
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simple reshaping of the tip [47–49] to the formation of electrodes [50] and plasmonic 
structures [51, 52].

8.4.2.1 Improving Aspect Ratio

The AFM is used extensively to characterize deep trenches and vertical steps on sam-
ples such as patterned photoresists and plasmonic structures like waveguides. 
Unfortunately the tip manufacturing process can only generate AFM tips with pyra-
midal geometry. These tips have a very sharp apex but often have a broad cone angle 
of approximately 34° [47], which results in significant tip convolution when imaging 
steep features. Increasing the aspect ratio of the tip allows the probe to image these 
structures effectively, and FIB milling has enabled researchers to achieve this.

Fu et al. used FIB milling to increase the aspect ratio of a tapping mode 
AFM probe in order to profile plasmonic structures consisting of deep trenches [47]. 
The modified tip is shown in Fig. 8.20 and has an aspect ratio of 24:1, which allowed 
the probe to penetrate the deep structures and resolve the base of the trench.

This application is so developed in fact that probes modified in this manner are 
available commercially from manufacturers such as the probe shown in Fig. 8.21 
produced by Nanosensors. Even though the first work of this type was reported 
almost 10 years ago, FIB processing still provides the most effective means of pro-
ducing high-aspect-ratio AFM probes with precise orientation.

8.4.2.2 Modifying Tip Function

In addition to improving resolution, the probe tip can be modified to alter the way 
in which the probe interacts with the surface. Menozzi et al. shaped the tip of a 

Fig. 8.20 SEM images of a silicon nitride AFM probe tip before and after milling to improve the 
aspect ratio of the probe for characterizing deep trenches. Reproduced with permission from [47]
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silicon probe to perform indentation experiments with the desired probe geometry 
[54]. The tip (which was initially a quadratic pyramid) was milled such that its 
geometry was that of a triangular pyramid and the angle of the indentation region 
precisely defined (Fig. 8.22). The hardness measured using the two different tip 
geometries was compared with a theoretical model previously reported [55], and the 
results were found to be in good agreement.

Dinelli et al. and Menozzi et al. also fabricated a stamp feature on the end of a 
flattened AFM probe to perform nanoimprint lithography (NIL) [54, 56]. This NIL 
tip consisted of a sharp tip for imaging and a stamp for imprinting the surface. These 
probes were used to imprint polymer films and monitor the indentation parameters 
in real time.

Fig. 8.22 AFM probe tips modified for indentation experiments with specific tip geometry (a) and 
(b); and (c) a micro-stamp milled into the flattened tip of an AFM probe for micro-stamping. 
Reprinted with permission from [54]

Fig. 8.21 SEM image of an FIB-modified AR10-NCH probe from Nanosensors. Reprinted with 
permission from [53]. Copyright 2013, Nanosensors
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Obataya et al. reported the operation on a living cell with the use of a nanoneedle 
AFM probe [57]. A combination of FIB milling and etching processes was used 
to produce a needle 6–8 μm in length and 200–300 nm in diameter. A schematic 
showing the indentation of the cell and an SEM image of one of the nanoneedle 
probes fabricated is shown in Fig. 8.23a, b, respectively.

These probes were then used to puncture living cells and observe the force char-
acteristics as the needle penetrated the cell membrane and nucleus. The same exper-
iment was performed using a standard AFM probe, and the comparison of the force 
curves obtained is shown in Fig. 8.24a, b. The two force curves show very different 
behavior of the probes; sharp steps observed with the nanoneedle suggest penetration 

Fig. 8.23 Schematic of the nanoneedle AFM probe experiment on the living cell (a), and an SEM 
image of the nanoneedle tip (b). Reprinted with permission from [57]. Copyright (2013) American 
Chemical Society

Fig. 8.24 Force–distance curves on a living cell using the unmodified (a) and nanoneedle (b) 
AFM probes. Reprinted with permission from [57]. Copyright (2013) American Chemical Society
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through the various barriers in the cell. The blunt probe however was unable to 
penetrate the cell with the force applied, which is evident by the constant increase 
in cantilever deflection.

The FIB-modified probes penetration of the cell by exerting much lower force than 
would be required with standard probes and thus less potential for damage to the 
cell. Obataya et al. suggested that the nanoneedle could be loaded with mole-
cules such as nucleic acids and proteins to deliver them directly to the cell.

8.4.2.3 Nano-electrode Probes

There are an increasing number of applications where functional probes have been 
used to extend the capability of the AFM. These include magnetic force microscopy 
(MFM), scanning electrochemical microscopy (SECM-AFM), and tip-enhanced 
Raman spectroscopy (TERS). Comstock et al. reported the fabrication of a nanon-
eedle SECM-AFM probe using several deposition processes to form the nanoneedle 
and FIB milling to expose the nanoscale electrode at the end of the probe [50].

This process is shown in Fig. 8.25; FIB milling is initially used to flatten a region 
of the tip where electron beam-induced deposition (EBID) is used to deposit a long 
platinum spike. A series of atomic layer deposition (ALD) steps are used to deposit 
a conductive gold layer with an insulating layer of alumina, and the FIB is then used 
to expose the gold electrode at the end of the probe. In addition to demonstrating 
that these probes are capable of imaging normally, electrodeposition was used to 
form metallic clusters of silver or nickel at the end of the nanoneedle. The ability to 
form nanostructures at the tip of the nanoneedle would allow these probes to be 
applied in areas such as MFM and apertureless near-field optical microscopy.

8.4.2.4 Nanopipette Probes

FIB milling has also been used to fabricate a “nanopipette” AFM probe, which is able 
to deposit droplets of attoliter volume [58]. A standard AFM probe was modified by 
milling a pore through the probe tip and forming a liquid-loading area on the back of 
the cantilever. SEM images of the modified probe are shown in Fig. 8.26.

Fig. 8.25 Fabrication of an electrode at the AFM tip apex using FIB milling. Reprinted (adapted) 
with permission from [50]. Copyright 2013, American Institute of Physics
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The nanopipette was used to deposit arrays of droplets consisting of glycerol and 
glycerol-containing polystyrene nanoparticles. Meister et al. determined that the 
volume of the droplets deposited was as low as 5 aL and could be deposited with 
droplet spacing below 500 nm.

8.5  Conclusion

FIB processes have enabled researchers in materials science to sculpt material on 
the nanoscale, with a speed and precision that were previously unachievable. 
Applying FIB techniques to the field of AFM, researchers have been able to customize 
the imaging probe to improve performance and perform specific functions. We have 
highlighted two recent publications which describe the application of FIB milling to 
improve the accuracy of two spring constant calibration methods. The Cleveland 
added mass method was modified, whereby instead of adding mass to the cantilever, a 
section was milled using the FIB and the resonant frequency shift used to determine 
the spring constant. Utilizing FIB milling allows mass to be removed with a high 
level of precision, significantly reducing the sources of uncertainty in the original 
method. The use of FIB milling allowed us to demonstrate an uncertainty as low as 
7 %, with uncertainties below 5 % achievable for certain cantilevers. This level of 
uncertainty is comparable with the most accurate calibration methods currently 
available and is applicable to a wide range of cantilevers.

FIB milling was also used to improve the precision of the reference cantilever 
calibration method. The reference lever technique is very powerful in that the spring 
constant is measured directly and that it can be applied to any cantilever. FIB milling 
was used to produce positional markers along the length of the cantilever, allowing 

Fig. 8.26 AFM probe modified to deposit attoliter volumes of liquid. Reprinted with permission 
from [58]. Copyright, American Institute of Physics
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the position of contact to be determined precisely and significantly reducing the 
uncertainty in the technique. This approach was shown to reduce the uncertainty 
added by the reference lever method to below 1 %, which is comparable or better 
than the uncertainty of multiple-point measurement methods, which are time 
consuming. The ability to invert the method was also demonstrated, which allows the 
technique to be applied without damaging the imaging tip of the test cantilever.

Several examples of the use of FIB processing to modify and enhance AFM 
probes have been highlighted from the literature. These covered two distinct areas: 
modification of the cantilever to improve the performance of the cantilever itself and 
modification of the probe tip to enhance or alter the way in which the probe interacts 
with the sample. This review also recognized the use of FIB in industry to provide 
the AFM community with high-performance probes for specific application. FIB 
techniques enable researchers to perform modifications to AFM probes quickly 
and with extremely high precision, enabling the fabrication of highly specialized 
probes to perform specific tasks. The large number of publications reporting the 
FIB modification of AFM probes highlights the significant contribution of FIB 
processing to enabling diverse experiments in the field of AFM.
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    Abstract     This chapter describes the use of the focused ion beam instrument for 
the fabrication of needle-shaped specimens containing specifi c subsurface features of 
a sample. These specimens are useful for the analysis of isolated features of a mate-
rial by different characterization techniques, among other applications. We show the 
application of this methodology in the fi eld of semiconductor materials, in particular 
for the analysis by electron tomography of InAs/InP- and InAs/GaAs-capped quantum 
dots. The proposed methodology allows the correlation of the structural properties 
of isolated objects located inside the material with their functional properties, avoiding 
the interference with other features in the material.   

9.1         Introduction 

 Nowadays, the development of advanced materials with applications in nanotech-
nology relies not only on the ability to design and fabricate these materials but also 
on the capability to fully characterize their structural and functional properties. 
Generally, these structures are characterized in bulk, where information from the 
material as a whole is obtained. However, often it is useful to investigate isolated 
objects in the material, avoiding the interference from other features of the structure. 
As an example, the experimental analysis of the effect of size, shape, and arrange-
ment of silver nanoparticles on the electromagnetic fi elds induced by their localized 

    Chapter 9   
 Fabrication of Needle-Shaped Specimens 
Containing Subsurface Nanostructures 
for Electron Tomography 

             Jesús     Hernández-Saz     ,     Miriam     Herrera     , and     Sergio     I.     Molina    

    J.   Hernández-Saz     • M.   Herrera •           S.  I.   Molina (*)               
  INNANOMAT Group, Departamento de Ciencia de los Materiales e I.M. y Q.I., 
Facultad de Ciencias ,  Universidad de Cádiz ,   Campus Río San Pedro, s/n, 
Puerto Real   11510   Cádiz ,  Spain   
 e-mail: jesus.hernandez@uca.es; miriam.herrera@uca.es; sergio.molina@uca.es  



242

surface plasmon resonances studied theoretically in [ 1 ] requires isolating those 
nanoparticles; the electronic properties of single-walled carbon nanotubes are 
altered by intertube coupling [ 2 ]; therefore, their analysis needs avoiding the inter-
ference from other nanotubes. 

 Other example of the importance of isolating particular objects in a material for 
their characterization can be found in the semiconductor fi eld, where the electronic 
properties of semiconductor quantum dots (QDs) are highly dependent on their 
individual size and shape [ 3 – 5 ]. Often, the conventional growth of these nanostruc-
tures produces a broad size and shape distribution of the QDs [ 6 – 8 ], making the 
correlation between their functional properties measured in bulk and their individual 
structural properties unfeasible. In order to solve this, the fabrication by focused ion 
beam (FIB) of specimens in the form of nano-needles containing only the QDs of 
interest has been proposed [ 9 ,  10 ]. In this way, the QDs can be characterized 
independently, which represents a breakthrough in the understanding of the behavior 
of these complex nanostructures. 

 The fabrication of needles containing a single QD by FIB is a challenging task. 
First, in most cases, the QDs are capped by a layer of a different semiconductor 
material; therefore, the location of the QDs cannot be directly inferred from the 
observation of the surface of the sample in the FIB. Secondly, it should be considered 
that depending on the application that the needle-shaped specimen will be used for, 
it should meet additional requirements. For example, a complete structural character-
ization of semiconductor QDs implies obtaining 3D information of the specimen, 
which can be obtained by electron tomography (ET). However, acquiring good 
quality transmission electron microscopy (TEM) images from a needle requires that 
it has a small diameter and that the needle surface is free of damage from the fabri-
cation process. 

 In this chapter we show a methodology for the fabrication by FIB of needle- 
shaped specimens containing specifi c QDs located below the sample surface that 
meet the requirements for a good-quality ET analysis. This methodology can be 
adapted to a wide variety of materials and applications, including the fabrication of 
nano-tips for techniques such as near-fi eld scanning optical microscopy (SNOM) 
and ultrasonic force microscopy (UFM) as well as the analysis of isolated objects by 
atom probe tomography (APT).  

9.2     Methodology 

 We have developed two different methods for the fabrication of needle-shaped spec-
imens containing QDs located below the sample surface. The fi rst one is for samples 
with a low density of QDs, where a random needle milled in the material is not 
likely to contain one of the QDs. To exemplify this methodology, we have used a 
sample of InAs/InP QDs grown by molecular beam epitaxy (details of the sample 
fabrication process can be found elsewhere [ 11 ]), where the density of QDs is as 
low as 40 × 10 8  dots cm −2 . This kind of samples receive attention for their 
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applications in optical devices [ 12 ], as they can be used as active elements in lasers 
[ 13 ], frequently in optical fi ber communication technology. We have also developed 
a simplifi ed method for samples with very high density of nanostructures. In this 
case, we have used a sample consisting of 50 layers of stacked InAs QDs grown on 
a GaAs substrate (additional information about the sample growth can be found in 
[ 14 ]). The stacking of QD layers is a common practice to increment the photocur-
rent in optoelectronic devices; these InAs/GaAs structures have been designed for 
intermediate-band solar cells [ 15 ,  16 ]. 

 The two proposed needle fabrication methods start with the extraction of a thin 
lamella from the bulk material in the FIB and its deposition on a TEM grid. For this, 
we use the in situ lift-out method, widely reported in the literature [ 17 – 20 ]. Because 
of this, we explain this method briefl y in Sect.  9.2.1 , including useful advices for the 
most critical steps. After this, we show the general procedure for milling a needle 
from a lamella using the annular milling method (AMM) in Sect.  9.2.2 . In this 
section, we also specify the procedure and parameters to obtain a good-quality 
needle- shaped specimen for ET. 

 The additional steps required for the fabrication of needle-shaped specimens 
containing QDs located below the sample surface are explained in Sects.  9.2.3  and 
 9.2.4 , for structures with low and high density of QDs, respectively. In the fi rst case, 
the QDs initially need to be found in order to mill a needle containing one of them. 
Here, it should be mentioned that the QDs in a lamella are not visible in the FIB 
with the secondary electron detector or with the backscattered electron detector. 
This diffi culty has been overcome by developing a procedure of marking the lamella 
in the FIB with the ion beam and observing the location of the QDs with regard to 
these marks by TEM. In the case of samples with a high density of QDs, an easier 
method of fabricating multiple needles from the lamella and then choosing the needle 
with better characteristics is preferred. Finally, the analysis by ET of the needle 
described in Sect.  9.2.4  is presented in Sect.  9.3  to demonstrate the applicability of 
the described method. 

 The proposed methodology has been carried out using a dual-beam FEI 
Quanta200 3D FIB instrument equipped with an Omniprobe micromanipulator. 
For the TEM analysis, a JEOL 2010F microscope operating at 200 kV and a JEOL 
1200 microscope working at 120 kV have been used. 

9.2.1       Fabrication of a Lamella from the Bulk Material 

 As explained above, the fi rst step of the developed methodology consists of extracting 
a thin lamella of material from the bulk sample and attaching it to a grid. For this, 
several methods have been published in the literature with the objective of obtaining 
specimens for TEM [ 21 – 23 ]. Initially, specimens were prepared cutting and polish-
ing a piece of material, attaching it to a grid outside the FIB and then thinning it to 
electron transparency in the FIB (this method is known as the H-bar technique [ 22 ]). 
However, the development of micromanipulators has allowed shortening the 

9 Fabrication of Needle-Shaped Specimens Containing Subsurface…



244

preparation time. Thus, the lift-out technique has become one of the most widely 
used methods to fabricate electron-transparent specimens [ 19 ,  21 ]. The lift-out 
method can be in situ (where the micromanipulator is located inside the FIB) or ex 
situ (the micromanipulator is outside the FIB), the fi rst one being more reliable. 
Because of this, we have chosen the in situ lift-out method to fabricate the initial 
thin lamella, and this method is briefl y explained in this section. 

 Before milling a lamella from the bulk material, the surface of the sample needs 
to be protected from possible damage caused by the interaction with the ion beam. 
This protection is normally made by depositing a rectangular metal layer (often Pt) 
on the surface of the sample to prevent undesired Ga +  ions from reaching the sample 
surface. The deposition of a Pt layer in the FIB is normally made by an electron- or 
ion-assisted chemical vapor deposition (CVD) process [ 24 ,  25 ]. Depositing Pt with 
the ion beam has the advantage that it is a faster process but the disadvantage that it 
can cause damage to a depth of several tens of nm on a semiconductor specimen 
surface. The electron-assisted deposition is much slower, but normally it only 
affects few nm on the sample surface. Therefore, the best option is reaching a 
compromise between the electron- and ion-assisted deposition methods where 
initially an electron-assisted CVD process is applied for 30 min, and, after that, 
the ion- assisted method is used to deposit several microns of Pt. For special cases 
where the feature of interest is located very close to the sample surface and it can be 
damaged depositing Pt even with the electron beam, other protection methods are 
recommended such as covering the surface with a plasma-polymerized organic fi lm 
[ 26 ]. Regarding the thickness of the Pt layer, it should be chosen considering that 
after all the milling processes that will take place to fabricate the needle, there 
should always be some Pt remaining. We have confi rmed that a Pt layer of 2 μm 
thick is normally adequate to accomplish the whole fabrication process. Figure  9.1a  
shows a scanning electron microscopy (SEM) image of a Pt deposition on an InP 
surface obtained following the steps explained above.

   Once the surface of the sample has been protected, stair-step trenches are milled 
on both sides of the Pt layer, forming a lamella in the bulk material. This lamella 
needs to be thinned to 1.5–2 μm in several steps (Fig.  9.1b ). Table  9.1  [ 9 ] shows the 
parameters used in the FIB for the different steps of the process for semiconductors 
such as GaAs or InP. After the trenches have been milled, two of the three connections 
between this lamella and the bulk sample need to be cut, as shown in Fig.  9.1c .

   At this point, the lamella is ready to be lifted out and taken to a TEM grid. For this, 
it needs to be attached to the micromanipulator by depositing a C layer (Fig.  9.1d ), 
freed from the bulk material, then attached to the TEM grid, and freed from the 
micromanipulator. These are the most complex steps of the lift-out method, as the 
attachment of the lamella to the micromanipulator or to the grid requires approach-
ing them to a critical distance. If the gap is too wide it would prevent the lamella from 
attaching fi rmly to the micromanipulator or to the grid, but the physical contact may 
break the lamella. In order to avoid the physical touch, the ion beam image should be 
continuously monitored, as there is a change in contrast that takes place due to the 
electrical contact that occurs right before the physical touch. This is the optimum 
moment to start the C deposition. The correct attachment between the lamella and 
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the micromanipulator or the grid can be checked monitoring the grounding current 
during the C deposition, as once they are electrically connected through the C, the 
magnitude of the grounding current changes sharply. 

 When the lamella is already attached to the TEM grid (Fig.  9.1e ), it needs to be 
further thinned with the ion beam. In this process, care should be taken to keep as 
much of the Pt protective layer as possible, as this protection will be needed for the 
needle preparation. For this, it is very helpful to follow the milling process by imaging 
with the electron beam during the process. The current of the ion beam needs to be 

  Fig. 9.1    SEM images of the different steps of the in situ lift-out method for the fabrication of a 
lamella from the bulk material: ( a ) Pt deposition, ( b ) milling of the stair-step trenches, ( c ) three of 
the connections between the lamella and the bulk material are milled, ( d ) lamella attached to the 
micromanipulator, and ( e ) lamella attached to the TEM grid. The scale bars are 10 μm for ( a ), ( b ), 
and ( d ) and 5 μm for ( c ) and ( e ) (reproduced from [ 9 ])       

    Table 9.1    Summary of the parameters used in the FIB for the in situ lift-out method 
for the fabrication of a lamella in InP or GaAs samples   

 Step 
 Angle 
(°) 

 Voltage 
(kV) 

 Current 
(nA) 

 Thickness 
(μm) 

 Pt deposition (electron assisted)   0  15  2  2 
 Pt deposition (ion assisted)  52  30  0.3  2 
 Trench  52  30  20  4 
 Thinning  52  30  7  2 
 Thinning  52  30  1  1–1.5 
 Precut   7  30  1  1–1.5 
 Thinning in grid  52  30  0.1  0.4 
 Thinning in grid  52  30  0.05  0.25 
 Thinning in grid  52  30  0.01  0.10–0.15 

  (Reproduced from [ 9 ])  
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carefully selected to avoid redeposition of the milled material: sequential steps 
lowering the Ga +  current is recommended. The details of the parameters used 
for thinning the lamella down to electron transparency are included in Table  9.1 . 
The fi nal thickness of the sample in this step will depend on the needle fabrication 
process that will be used. For low-density QD samples and as explained before, we 
will mark the lamella in the FIB and take it to the TEM to check the position of the 
QDs with regard to the marks. For this, the lamella needs to be electron transparent 
but not excessively thin to prevent the ion beam from drilling the sample when 
introducing the marks. We fi nd appropriate an average thickness for the electron- 
transparent lamella of about 150 nm. For high-density QD samples, the sample does 
not need to be electron transparent, and in this case a fi nal thickness of around 
1–1.5 μm is reasonable. 

 With regard to the GaAs sample, it is worth mentioning that GaAs has a lower 
sputtering yield than InP [ 27 ], which means that for a given ion beam current and 
voltage, the time required for a specifi c milling step will be higher. In this case, 
attention should be paid to a possible spatial drift of the sample with time, as its 
effects on the fi nal geometry of the specimen will be more pronounced.  

9.2.2      Production of Needle-Shaped Specimens 
for Electron Tomography 

 Frequently, the procedures for fabricating needle-shaped specimens have been 
linked to the development of the APT technique [ 28 ], given that for this technique 
the specimens need to have this geometry. These fabrication methods can be as well 
used for obtaining needles for other applications, although they need to be adapted 
to meet the specifi cations required in each case. Electro-polishing has been one of 
the most used techniques for preparing needles for APT [ 28 ], although this tech-
nique is not appropriate for some materials and structures. Other methods are based 
in selective chemical etching processes [ 29 ], sometimes applied after lithography 
methods [ 30 ] or after the mechanical cut of the sample [ 31 ]. 

 In the last years, the FIB instrument has been widely used for fabricating needle- 
shaped specimens from different materials [ 32 – 34 ] as it provides advantages such 
as speed and reliability. For this, normally the AMM [ 35 ,  36 ] is used, where a bulk 
sample is milled with an annular pattern of variable diameter. This method has been 
applied to different materials such as metals [ 37 ], polymers [ 38 ,  39 ], carbon nano-
tubes [ 40 ], or semiconductors [ 41 ]. In the literature, maintaining the voltage and 
current of the ion beam fi xed while varying the inner diameter of the annular pattern 
[ 30 ] is a common practice when using the AMM for fabricating a needle. However, 
when the needle-shaped specimen will be used for ET, the fabrication method 
should be adapted to obtain needles optimized for this application. For ET, the 
needles need to meet two basic requirements. First, they need to have a small diam-
eter in the area of interest (in our case, where the QDs are) in order to be electron 
transparent. Secondly, the surface of the needle should be as clean as possible to 
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avoid artifacts in the electron images. This means minimizing the amorphous layer 
that is generally created on the material surface by the high-energy ion beam. In this 
work, we have used the AMM to obtain the needle-shaped specimens from our sam-
ples. In the following, we explain the conditions for fabricating these needle-shaped 
specimens from a lamella of the material of interest with enough quality for ET. 

9.2.2.1     Reduction of the Needle-Shaped Specimen Diameter 

 Generally, when using the AMM for fabricating needle-shaped specimens, the fi nal 
needle has a diameter of about 150–200 nm [ 30 ,  42 ]. However, in order to obtain the 
best resolution in TEM images it is preferably that the thickness of the needle in the 
area of interest is smaller, ideally lower than 100 nm. In order to achieve this reduction 
in diameter, the conditions of the ion beam current and voltage as well as the inner and 
outer diameters of the annular milling pattern should be carefully chosen. 

 To fabricate a needle with a reduced diameter from a bulk material or from a 
lamella, generally successive annular patterns are used, where the inner and outer 
diameters are progressively decreased. As mentioned before, generally these steps 
are carried out using the same ion beam current. However, if a needle with a small 
diameter is needed, this current should be adjusted. Here, the main limitation is the 
thickness of the Pt protective layer, given that when this layer is milled away the 
process should be stopped to avoid damaging the needle. The Pt layer can be pre-
served for a longer time by milling the needle with an ion beam of small diameter 
(with a small current), as the precision of the milling process improves [ 43 ]. However, 
the use of small currents increases the milling time, and a small drift of the sample 
during the process could damage the needle. Optimizing the ion beam current and the 
inner and outer diameters of the annular pattern, the minimum diameter that we have 
been able to obtain at 30 kV is 100 nm, slightly higher than expected. 

 Additional parameters that can be modifi ed to try to reduce the needle diameter 
include the ion beam acceleration voltage. Working at very low voltages (5–10 kV), 
the image quality is not satisfactory and the spatial resolution for imaging and 
milling is not adequate to mill a thin needle. However, using an acceleration voltage 
of 20 kV and the appropriate ion beam current (that will be shown later) we have 
been able to reduce the needle diameter to 70 nm. 

 With regard to the ion beam current and the inner and outer radius of the annular 
milling process, as explained above the AMM is carried out in a number of steps, 
where these two parameters are progressively reduced. In order to select these 
parameters and the number of steps, the structure of the sample should be taken into 
consideration. The sample with InAs/InP QDs only has one layer of QDs; therefore, 
the area of interest has a small length along the needle axis. In this case, a small 
number of steps are required, which are included in Table  9.2 . On the other hand, 
the InAs/GaAs sample has 50 layers of stacked QDs; therefore, the region of interest 
along the needle axis is much longer, about 900 nm for this structure. In this case, 
care should be taken to sculpt a needle with reduced diameter along this larger 
distance in the needle axis. In soft materials such as III–V semiconductors, milling 
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a needle with the ion beam following an annular pattern normally produces a typical 
conical shape where the diameter increases rapidly as the distance from the top of 
the needle is raised. To avoid this, an increase in the annular milling steps has been 
introduced in the procedure, which allows obtaining a needle with nearly cylindrical 
shape. This also helps avoiding the effect of the drift mentioned before. Table  9.2  
includes the steps followed for milling a needle from the InAs/GaAs lamella. 
In general, it is worth mentioning that the annular pattern is normally etched from 
the external surface of the needle inwards with dwell time of 1 μs.

   Finally, it should be considered that after the last step of the AMM, there still 
should be at least 300 nm of Pt on the surface of the needle to allow for the cleaning 
step that will reduce the thickness of the amorphous surface layer.  

9.2.2.2     Reduction of the Surface Damage Caused by the Milling Process 

 When the ion beam of the FIB is focused on a semiconductor material in order to 
remove some parts of the structure, the sample can be damaged because of an 
increase in the material temperature due to beam heating, because of ion implanta-
tion, surface amorphization, etc. However, some of these factors may have a stron-
ger effect in the fi nal quality of the sample than others. For example, it has been 
reported that FIB milling does not produce the beam heating typical in broad argon 
beam milling because the angle between the ion beam and the prepared section is 
normally very small [ 44 ]. The temperature rise has actually been calculated for 
broad argon beam milling as few hundred K, whereas in FIB it is less than 10 K 
[ 45 ]. Therefore, damage from beam heating is not expected to reduce drastically the 
quality of the prepared sample. 

     Table 9.2    Parameters used in each step of the AMM for the fabrication of 
semiconductor needles with a reduced diameter   

 Step 
 Inner 
diameter (nm) 

 Outer 
diameter (nm) 

 Current 
(pA) 

 Voltage 
(kV) 

 InAs/InP sample  1  400  1,000  10  30 
 2  200  450  23  20 
 3  70  250  23  20 
 4  –  –  70  5 

 InAs/GaAs sample  1  1,000  1,500  100  30 
 2  800  1,400  81  20 
 3  700  1,200  23  20 
 4  600  1,000  23  20 
 5  500  850  23  20 
 6  400  700  4  20 
 7  300  600  4  20 
 8  150  400  4  20 
 9  –  –  70  5 
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 Regarding ion implantation, several parameters should be considered in order to 
understand its effect on a sample. First, the incidence angle of the ion beam on the 
sample should be considered, as the implantation has been found to be reduced 
when the ion beam is parallel to the sample surface [ 46 ]. When milling a needle 
with the AMM, the ion beam is perpendicular to the Pt protective layer but parallel 
to the fi nal needle surface; therefore, the implantation should not be very deep. 
Secondly, the acceleration voltage of the ion beam is also an important parameter. 
It has been reported that Ga +  implantation is around 20 % at a depth of 20 nm when 
milling with the ion beam at 30 kV perpendicularly to a Cu/Co sample but almost 
zero when reducing the acceleration voltage to 5 kV [ 47 ,  48 ]. This shows that by 
decreasing the ion voltage in the last step of sample preparation, less damage is 
produced in the sample. Finally, it has been found that high-dose ion imaging at 
30 kV even with low beam currents can produce a strong ion implantation on the 
sample during the fabrication process [ 49 ]. This should defi nitely be avoided by 
imaging the sample with the electron beam instead of with the ion beam whenever 
possible. 

 One of the main problems of working with semiconductor samples in the FIB is 
surface amorphization because of the high-energy ion beam. This process is prob-
ably related to ion implantation in that it has also been found to cause amorphization 
of the specimen surface [ 18 ,  50 ]. The thickness of the amorphous layer can be 
modulated considering parameters such as the beam energy or the angle of inci-
dence. However, often it is easier to mill the sample with the optimum parameters 
for the fabrication process and then remove the amorphized surface layer. For this, 
several approaches have been proposed, such as gas-assisted, wet, or chemical etch-
ing [ 44 ]; broad argon ion milling [ 51 ]; or FIB milling with a lower ion beam energy 
[ 52 ,  53 ], where the effect of the orientation of the Ga +  beam with regard to the 
sample surface has also been studied [ 54 ]. 

 Scanning the sample with a low-energy ion beam in the FIB is one of the tech-
niques used more often to eliminate the damaged area in a sample, as it is relatively 
fast and effective. Because of this, the effect of a low-voltage cleaning step has been 
studied for different materials such as Si [ 44 ], stainless steel [ 55 ], or AlGaAs [ 56 ]. 
Working at 5 kV in the FIB is complicated given that the quality of the ion beam 
image is very poor; therefore, it does not have enough precision for milling a spe-
cifi c pattern. In order to eliminate the amorphized area, imaging the sample with the 
low-voltage beam for some time is normally enough. 

 We have investigated the effi ciency of milling at low voltage in the FIB for 
reducing the thickness of the surface amorphous layer in semiconductors such as 
GaAs (which has similar behavior as InP [ 27 ]). In order to compare the behavior of 
the material for different ion acceleration voltages, we have fabricated needles using 
10, 20, and 30 kV and an additional needle milled at 30 kV but scanned with the ion 
beam at 5 kV and 70 pA for 30 s. Figure  9.2  shows a plot of the thickness of the 
amorphous layer measured in each needle-shaped specimen by TEM  vs.  the ion 
beam voltage used for its fabrication. This plot evidences that the reduction in the 
ion beam voltage in the last step of the fabrication process from 30 to 5 kV clearly 
reduces the damaged surface layer, from 16 nm to less than 5 nm.
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   The reduction in the surface amorphous layer produces a considerable improvement 
in the quality of electron microscopy images and, consequently, in the ET analysis, 
given that the proportion of crystalline material with respect to the total specimen 
(crystalline plus amorphous) is enhanced. For example, if we compare a needle-
shaped specimen with 100 nm of diameter milled at 30 kV with the same needle but 
after a cleaning step at 5 kV, the relationship crystal/amorphous goes from 68 to 
90 %; therefore, this step of a 5 kV is a key point for a good-quality ET analysis. 

 Figure  9.3  shows two bright fi eld (BF) TEM images of the same needle (a) before 
the cleaning step and (b) after the cleaning step, where the reduction in the surface 
amorphous layer in the second micrograph is clear. The image in Fig.  9.3b  shows a 
needle with a diameter smaller than 100 nm in the area of interest and an amorphous 
surface layer below 5 nm, demonstrating the success of the proposed method in the 
fabrication of needle-shaped specimens that fulfi ll the requisites for ET analysis.

   The effect of the ion voltage in the specimen quality has also been analyzed by 
high-resolution (HR) TEM images. Figure  9.4  shows HRTEM images acquired 
from the edge of needles of GaAs milled/cleaned at different ion voltages, from left 
to right 5, 10, 20, and 30 kV. As it can be clearly observed, the noncrystalline region 
at the edge of the material is progressively increased when increasing the ion volt-
age. A reduction in the quality of the images has also been found, as the atomic 
columns become blurred for samples prepared at higher voltages. In addition, the 
increase in the rate of amorphous material in the needles is revealed by the fast 
Fourier transform (FFT) of each image included as an inset. For higher voltages, the 
intensifi cation of the bright ring in the electron diffraction patterns clearly shows an 
increase in the amorphization degree.

   In order to understand the relation between the ion voltages and the thickness 
of the amorphous surface layer, we have simulated the average penetration depth 

  Fig. 9.2    Plot of the thickness of the GaAs amorphous layer  vs.  ion beam voltage, where a reduc-
tion of the amorphous layer down to <5 nm has been achieved at small voltages (5 kV) (reproduced 
from [ 9 ])       
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(usually called  the ion range ) of Ga +  ions in a structure of GaAs for different accel-
eration voltages (5, 10, 20, and 30 kV). The simulations were carried out using the 
Monte Carlo method, with the free software SRIM ( stopping and range ions in mat-
ter ) [ 57 ]. During the preparation process, the needle-shaped specimens are milled 
from the upper part, where the incidence of the Ga +  ions is almost parallel to the 

  Fig. 9.3    BF TEM images of a needle-shaped specimen ( a ) before the cleaning step and ( b ) after 
the cleaning step. The needle in ( b ) has a diameter <100 nm in the area of interest and has a surface 
amorphous layer <5 nm, fulfi lling the requisites for ET. The images were taken at the same mag-
nifi cation, and the scale bar is 50 nm       

  Fig. 9.4    HRTEM images of the edge of needles milled/cleaned at different ion voltages: ( a ) 5, ( b ) 
10, ( c ) 20, and ( d ) 30 kV. An increase in the surface amorphous layer for higher voltages can be 
clearly observed in the images as well as more intense amorphous rings in the FFT included as 
 insets . The scale bar represents 10 nm       
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needle surface. Because of this, we have considered a value of 5° for the angle of 
incidence of the ions on the material. 

 Figure  9.5  shows the results of the simulations of the ion range for the different 
ion voltages. As it can be observed, the average penetration depth of the ions is 
reduced when reducing the ions energy, from 8 nm at 30 kV to 3 nm at 5 kV, con-
fi rming that the effect of the incident ions on the specimen surface can be decreased 
by reducing the ion voltage. In order to compare our experimental results shown in 
Fig.  9.4  with the simulations, we have calculated the penetration depth at half the 
peak height of the ion distribution curve for each ion voltage. We have found that 
for 30 kV this simulated penetration depth is around 12 nm, where the experimental 
value found is slightly higher, around 16 nm. For 20 kV, the simulated penetration 
depth (and the experimental value) is 8 nm (12 nm), for 10 kV is 6 nm (6.5 nm), and 
for 5 kV is 4 nm (4 nm). As it can be observed, there is a reasonable agreement 
between the thickness of the amorphous layer found experimentally and the 

  Fig. 9.5    SRIM calculation of the Ga +  ion ranges for ion voltages of ( a ) 30, ( b ) 20, ( c ) 10, and ( d ) 
5 kV on a GaAs surface with an angle of incidence of 5°. The ion ranges at half the peak heights 
are marked with  arrows        
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penetration depth of Ga +  ions in GaAs, showing that this penetration depth could be 
responsible for the damage in the needle surface. In Fig.  9.6  we have superimposed an 
experimental HREM image of the needle milled at 10 kV with the simulation of the 
Ga +  ion trajectories (for 2,000 ions) when interacting with the GaAs structure. This 
image clearly shows the concordance between the amorphized region of the sample 
and the incident ion trajectories, evidencing the close relation between both effects.

9.2.3            Fabrication of Needles Containing Specifi c Features 
Located Below the Sample Surface: Samples with Low 
Density of QDs 

 The fabrication of needle-shaped specimens that contain features of the material 
that are not visible from the surface of the structure requires further steps in the 
milling process. Also, additional diffi culties arise when the density of those features 
is very small, in such a way that the fabrication of random needles from the material 
is not likely to include the desired object. We have developed a procedure to ensure 
that the feature of interest is included in the fabricated needle-shaped specimen. 
This procedure includes the design and introduction of some marks in the initial 
lamella that will help us locate the objects of interest in the FIB. In the following, 
we explain the steps that are necessary to reach our objective. In particular, we 
exemplify the methodology with a semiconductor sample of InAs/InP QDs, where 
the density of QDs is around 40 × 10 8  dots cm −2 , as mentioned earlier. 

  Fig. 9.6    HREM image of a 
GaAs needle-shaped 
specimen prepared at 10 kV, 
where the simulated 
trajectories of 2,000 Ga +  ions 
when interacting with the 
GaAs structure have been 
superimposed. The 
correlation between the ion 
penetration depth and the 
thickness of the amorphous 
surface layer is evidenced. 
The scale bar is 10 nm       
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9.2.3.1      Marks and QD Localization 

 Once a lamella of the InAs/InP sample has been milled and taken to a grid, the 
major diffi culty for milling a needle that contains a QD is that these QDs are not 
visible with the secondary electron detector or the backscattered detector in the FIB. 
To solve this, the electron-transparent lamella can be taken to the TEM, where the 
QDs are clearly observable. However, the position of the QDs found by TEM should 
be recognizable once we are back to the FIB to allow milling a needle in that posi-
tion. For this, we have designed some marks that will be introduced in the lamella 
with the ion beam in the FIB and which should be visible both in the FIB and in the 
TEM. In this way, the location of the QDs will be found in the FIB from their posi-
tion with regard to the marks observed by TEM. Care should be taken when mark-
ing a thin lamella with the ion beam, as these marks should not affect the structural 
quality of the features to study. Also, the marks should be designed in such a way 
that the location of the QDs can be deduced from the position of the marks with a 
small spatial error. For this, we have designed the marks as a line of circles pat-
terned on the surface of the lamella in the FIB with 50 nm of diameter and <50 nm 
of depth, whose centers are separated 150 nm. These marks should not be patterned 
on the Pt protective layer as in this case they would not be clearly visible in the TEM. 

 In order to make sure that the structural quality of the QDs will not be affected 
by these marks, we have simulated the ion range of Ga +  ions at 30 kV when they are 
incident on InP. In order to choose the incident angle for these simulations, it is 
worth considering that the marks are expected to have a shape close to cylindrical, 
where in the sides of the cylinder the angle between the incident Ga +  ions and the 
InP is very small (5° for the simulation), and in the base of the cylinder this angle is 
90°. Figure  9.7  shows the results of these simulations. As it can be observed, the ion 
range in the sides of the marks is around 10 nm, where in the base of the marks it is 
close to 20 nm. We have also calculated the ion penetration depth at half the peak 

  Fig. 9.7    SRIM calculation of the Ga +  ion ranges for incidence angles of ( a ) 90° and ( b ) 5° on a 
InP structure. The ion ranges at half the peak heights are marked with  arrows        
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height of the ion distribution curve in order to estimate the surface damaged area 
caused by these marks. We have obtained a value of 15 nm for an incidence angle 
of 5° and 34 nm for 90°. This means that the marks should not be made on the QDs 
and closer than 15 nm from the QD layer to avoid possible ion implantation or 
amorphization of the QDs.

   Once the electron-transparent lamella is marked, it is ready to be observed in the 
TEM. Figure  9.8  shows 002DF TEM images of a lamella marked following the 
procedure above. As it can be seen in Fig.  9.8a , 20 marks have been introduced in a 
4 μm long lamella. Taking a closer look (Fig  9.8b, c ), it can be observed that there 
are two QDs in this lamella, one right above the mark number 6 and another one 
between marks 17 and 18. This information will be used in the FIB in order to fi nd 
the locations of the QDs in the lamella to mill the needles in those positions.

  Fig. 9.8    002DF TEM image showing the relative position between the marks and the QDs: There 
is a QD above mark number 6 and another one between mark numbers 17 and 18. The wetting 
layers (WL) are also marked with  arrows . The scale bars are 1 μm for ( a ) and 200 nm for ( b ) and 
( c ) (reproduced from [ 9 ])       
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9.2.3.2        Milling a Needle from an Electron-Transparent Marked Lamella 

 Once the lamella has been observed by TEM, it is time to fabricate a needle in 
the position indicated by the marks. For milling the needle, the lamella needs to be 
parallel to the ion beam, and in this confi guration the marks are not visible in the 
FIB. In order to solve this, an additional mark needs to be introduced in the upper 
part of the Pt layer and right above the position of the QDs. This mark will be used 
as the center of the annular pattern. Figure  9.9  [ 9 ] shows SEM images of the com-
plete process of marking the lamella. Initially, we have an electron-transparent 
lamella as shown in Fig.  9.9a . Here, a line of marks is introduced with the ion beam, 
as shown with an arrow in Fig.  9.9b ; now the lamella is observed in the TEM to 
check the position of the QDs are with respect to the marks. Finally, a small mark is 
introduced in the surface of the Pt layer in the position where the QDs are supposed 
to be, as can be seen in Fig.  9.9c . When the center of the annular pattern is placed 
right over this last mark, the fabricated needle will contain the desired QD.

   With the aim of obtaining an estimation of the spatial error in the fabrication of a 
needle in the desired location, we have measured the distance between the center of 
the needle and the position of the QD for needles with different diameters. For this, we 
have fabricated needles with annular pattern inner radiuses of 400, 200, and 70 nm. 

  Fig. 9.9    SEM images showing the lamella: ( a ) Without marks, ( b ) with marks to locate the QD, 
and ( c ) with additional marks milled in the top of the Pt layer, where the AMM will be applied. All 
the scale bars are 1 μm (reproduced from [ 9 ])       
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Figure  9.10  [ 9 ] shows BF TEM images of some of these needles, where details of the 
zones of interest are presented in Fig.  9.10d–f . In these images, it can be observed that 
the average spatial error in the application of our methodology is around 25–30 nm. 
For cases where a better precision is required, the needle can be milled in two steps. 
In the fi rst step the needle is milled down to a diameter of around 200 nm, then the 
position of the QD is observed in the TEM to correct possible deviations, and fi nally 
the needle is milled to get the fi nal diameter.

9.2.4           Fabrication of Needles Containing Specifi c Features 
Located Below the Sample Surface: Samples with High 
Density of QDs 

 When the sample contains a very high density of features of interest, milling a 
needle containing one of these features is quite straightforward and it is not neces-
sary to follow the abovementioned steps to mark the lamella. We will show this 

  Fig. 9.10    002BF TEM images showing needles sculpted around single QDs (indicated by the 
 arrows ). Three needles were milled using annular pattern inner radius of ( a ) 400, ( b ) 200, and 
( c ) 70 nm. Details of the same needles at the zones of interest are shown in ( d – f ). The scale bars 
are 200 nm for ( a ), ( b ), and ( d ), 100 nm for ( e ), and 50 nm for ( c ) and ( f ) (reproduced from [ 9 ])       
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simplifi ed procedure using a sample with 50 InAs/GaAs-stacked QD layers, where 
the density of these stackings is quite high, as shown in previous studies [ 14 ]. 

 As in Sect.  9.2.3 , the methodology for this type of samples starts with the fabri-
cation of a lamella from the material following the procedure explained in Sect.  9.2.1 , 
in this case with a thickness of 1–1.5 μm. It is preferable that the lamella has a good 
length of about 10 μm, for the reasons that will be explained later. Figure  9.11a  
shows a lamella from the InAs/GaAs sample attached to a TEM grid. As the density 
of QD stacks in this sample is high, it is very likely that a needle milled in a random 
position in the lamella using the AMM contains one of these QD stacks. However, 
these stacks occupy a large distance along the needle axis, and sometimes the needle 
may not contain the whole stack. In order to being able to obtain an optimized 
needle, where a large area of the QD stack is included, a good solution would 
be marking the lamella as shown in Sect.  9.2.3.1  and selecting the position where 
the needle should be milled. However, this is a time-consuming process, and in this 
case a different alternative can be taken in order to save time. In this way, after mill-
ing a lamella with a considerable length as said before, it is possible milling several 
needles in the lamella using the parameters shown in Table  9.2 . Figure  9.11b  shows 
a lamella where seven needles have been sequentially milled following this proce-
dure. Here, it has to be considered that redeposition on previous needles of the mate-
rial sputtered while milling a new needle should be avoided. For this, the distance 
between subsequent needles should not be smaller than 1.5 μm. Also, a fi nal cleaning 
step at 5 kV is useful to remove possible contamination.

   Once the needles have been milled, the specimen is taken to the TEM to observe 
their quality. Desired characteristics are that a QD stack is fully included in the nee-
dle, that the surface amorphous layer is smaller than 5 nm, and that the needle has a 
reduced diameter. Figure  9.12  shows a high-angle annular dark fi eld (HAADF) 
image of one of the needles in Fig.  9.11b . In this technique, the intensity in the 
image is roughly proportional to the squared average Z number of the atoms in 
the material; therefore, the InAs QDs show brighter contrast than the GaAs matrix. 

  Fig. 9.11    ( a ) SEM image of a lamella of the InAs/GaAs sample. ( b ) SEM image of the same 
lamella where seven needles have been milled. The scale bars are 20 μm for (a) and 5 μm for (b)       
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As it can be observed in the image of Fig.  9.12 , there are several QD stacks in the 
needle (marked with black arrows in the image), and it is worth mentioning that they 
do not follow a vertical alignment, but they are tilted with regard to the growth 
direction. This makes diffi cult having a full QD stack inside the needle. In this case, 
a compromise should be reached between the needle diameter and the amount of 
QDs included in the needle: for smaller diameters (preferred for ET) a reduced 
number of QDs will be found in the needle. In this case, a diameter of 150 nm has 
been found as the optimum one. As it can be observed in this example, milling several 
needles in the same lamella has the advantage that it allows choosing the most appro-
priate needle considering the specifi c characteristics of each material system.

   Once the needle has been selected and depending on the application for which 
the needle is being fabricated, the rest of the needles can be milled away in the 
FIB in order to leave only the one of interest. For example, for ATP analysis there 
should be only one needle on the specimen holder; therefore, the rest of them should 
be removed. In our case, our objective is the study by ET of the stacking of QDs. 
In case the tomography holder allowed tilting the sample to high degrees (>70°), the 
contiguous needles may interfere in the electron beam path for high tilting angles. 
This is not our case; therefore, the ET analysis can be carried out in the sample 
containing all the seven needles, as it will be shown next.   

  Fig. 9.12    HAADF-STEM 
image of the QD stacks 
(marked with  arrows ) inside 
a needle-shaped specimen       
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9.3      Electron Tomography of InAs/GaAs 
Needle-Shaped Specimens 

 First images of the InAs/GaAs needle-shaped specimens fabricated following the 
proposed method have shown that the InAs/GaAs QD stackings do not follow a 
vertical alignment parallel to the growth direction, but they are tilted away with 
respect to this direction. The vertical distribution of the QDs has a direct effect in its 
electronic structure due to a possible electron tunnelling between layers [ 14 ], and it 
has also been found to infl uence optical properties such as the photoluminescence 
emission of the structure [ 58 ]. Because of this, understanding the 3D distribution of 
stacked QDs is essential to understand and optimize the functional properties of a 
wide range of devices. However, the vertical alignment of the stacking of QDs is 
often analyzed by TEM from 2D projections of the volume of the sample in one or 
several directions [ 59 ,  60 ], losing 3D information and making the complete correlation 
with the optical characteristics unfeasible. 

 In this section, we show the applicability of the fabricated needle-shaped specimen 
for the ET analysis of the 3D vertical alignment of the QD stack contained in the 
needle. In ET, a series of images are taken in the microscope while tilting the sample 
over an angular range with a tilting step of few degrees, and with these images 
the 3D volume of the specimen is reconstructed. For this, it is required that the 
electron beam crosses a constant thickness of the electron-transparent foil when 
travelling through the sample. This is not accomplished by the thin foils prepared by 
the conventional method of specimen preparation, and only cylindrical or conical 
shaped specimens with the symmetry axis parallel to the tilting axis as the needle- 
shaped specimens fabricated here meet this requirement. For the ET analysis, 
we have acquired 61 HAADF-STEM images over an angular range of 120° with a 
tilting step of 2° in a Jeol JEM 2010F electron microscope with a fi eld emission gun 
working at 200 kV using a Fischione tomography holder (model 2030). The tilt 
series has been accurately aligned using the Inspect 3D software of FEI Company 
with the cross-correlation method in combination with the least-squares alignment 
mode with the AMIRA software. The 3D reconstruction has been carried out using 
the simultaneous iterative reconstruction technique and is visualized with the soft-
ware AMIRA. A manual segmentation of the tomogram was carried out in order 
to locate the QDs. The position of the QDs has been considered as the geometric 
center of the QDs in the tomogram. 

 Figure  9.13  [ 10 ] shows some HAADF-STEM images of an InAs/GaAs QD stack 
that is contained in the prepared needle-shaped specimen, obtained at different 
tilting angles. About the vertical alignment of the QDs, in Fig.  9.13a  it seems to be 
parallel to the growth direction. However, as mentioned before, TEM cross section 
images are 2D projections of the sample, and therefore, the volume information is 
lost; this should be taken into account to avoid the misinterpretation of the images. 
In this regard, Fig.  9.13b, c  shows HAADF images of the same InAs/GaAs QD 
stack as in Fig.  9.13a  but taken at different tilting angles, 90° apart from each other, 
and −10° and 80° from the micrograph in Fig.  9.13a , respectively. As it can be 

J. Hernández-Saz et al.



261

observed, at these rotation angles, the stacking of QDs is not vertically aligned 
anymore. Instead, deviation angles of 5° and 11° with respect to the growth direc-
tion have been measured. Other values for the vertical alignment of the QDs have 
been measured from different tilting angles. These experimental results evidence 
that the conclusions obtained from the conventional 2D analysis of the stacking of 
QDs often found in the literature are not reliable, the 3D analysis of the sample 
being an essential step.

   In order to obtain 3D information from the sample, we have computed the 
tomogram using the 61 images acquired in the tilting series. The results are shown 
in Fig.  9.14  [ 10 ]. Figure  9.14a  shows a general view of the needle, including the 
upper QD stack and the Pt deposition. For the analysis of the distribution of the 
QDs, a segmentation of the reconstructed structure was carried out, as shown in 
Fig.  9.14b . This fi gure reveals that the real distribution of the QDs consists of a 
stacking that follows a straight line that deviates 10° ± 1° from the growth direction 
Z, which is quite different from the results obtained from Fig.  9.13 . The observed 
deviation is likely caused by the elastic interactions with the buried dots and by 
chemical composition fl uctuations [ 7 ,  61 ]. From this analysis, we have also observed 
that there is an asymmetry in the size of the QDs, being around 30 % smaller in one 
direction than in the perpendicular one in the growth plane.

  Fig. 9.13    Cross-sectional HAADF-STEM images of the needle-shaped specimen taken at different 
tilting angles. Note that angles between the stackings of QDs and the growth direction are different 
for the three images: ( a ) 0°, ( b ) 5°, and ( c ) 11° (reproduced from [ 10 ])       

 

9 Fabrication of Needle-Shaped Specimens Containing Subsurface…



262

   The fabrication of needle-shaped specimens has allowed obtaining precise 
experimental data about the location of InAs QDs in the structure. These data can be 
correlated with the growth design and with the functional properties of the structure, 
allowing the optimization of the performance of devices based in stacking of QDs.  

9.4     Conclusions 

 The fabrication of needle-shaped specimens by FIB allows the characterization of 
isolated objects in a material by different techniques such as ET, microPL, or APT. 
It is also an attractive procedure for preparing SNOM nano-tips with controlled 
optical properties and nano-tips for other techniques such as UFM. 

 We propose a methodology for fabricating needle-shaped specimens containing 
specifi c subsurface features of a material and for their optimization for ET analysis. 
For this, a complex process of marking a lamella of material and observing it in the 
TEM in order to infer the position of the feature of interest with regard to the marks 
has been developed and applied to a structure of low-density InAs/InP QDs. We also 
propose a simplifi ed method for material systems where there is a high density of 
objects of interest. In this case, milling multiple needles in a lamella and choosing 
the optimum one is a time-saving process. We have applied this last method to a 
sample of InAs/GaAs QD stacks. The applicability of these needle-shaped speci-
mens for the analysis by ET has been demonstrated by the characterization in 3D of 
this InAs/GaAs structure. 

  Fig. 9.14    ( a ) Semitransparent external surface of the tomogram with opaque surfaces for the QDs 
below the platinum deposition. A projection of one of the central QDs is included in the base of the 
needle. ( b ) Segmentation of the QDs in the tomogram, showing that the stacking of QDs follows a 
 straight line  that deviates 10° ± 1° from the growth direction (reproduced from [ 10 ])       
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 The developed process to isolate nanostructures such as QDs opens the way for 
the correlation of the structural and functional properties of individual objects, 
allowing a more precise characterization of the material than in bulk studies.     
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Abstract The fabrication technique of deformation carriers with focused ion beam 
(FIB) milling for microscale/nanoscale deformation measurement has been studied in 
this chapter. The deformation carriers refer to microscale/nanoscale gratings and 
speckle patterns, which are indispensable elements for moiré and digital image correla-
tion (DIC) method under scanning electron microscope (SEM) respectively. The fabri-
cation principle, the design, and the influencing factors of these two kinds of deformation 
carriers are studied respectively. Their successful applications to microscale/
nanoscale deformation measurement are also presented, which demonstrate that the 
deformation carriers combined with photo-mechanics techniques under SEM are 
effective tools for microscale/nanoscale deformation measurement.
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10.1  Introduction

Micro-electro-mechanical systems (MEMS) have drawn great attention in recent 
decades due to their promising applications in many industrial fields, including 
information and communication technologies, automotive industry, biomedicine, 
electronics, aerospace, and so on. It is interdisciplinary involving optics, materials, 
microelectronics, and mechanics. As mechanics researchers, we focus on the charac-
terization of their mechanical properties, which are important factors affecting not 
only their performance but also the basis to analyze their reliabilities. Estimation 
of fundamental mechanical property requires that displacements and strains be 
measured at micron and submicron length scale [1–5], which means traditional 
macroscopic experimental testing methods like moiré method and digital image cor-
relation (DIC) method are no longer applicable and it is urgent to develop novel 
microscopic testing methods.

Microscopic deformation measurement lies in improving the spatial resolution and 
displacement sensitivity. Fortunately, the development of high-resolution micro-
scopes, especially scanning electron microscope (SEM), provides a good platform for 
microscopic deformation measurement. As widely applied experimental techniques, 
moiré method and DIC method can be effectively combined with SEM, which not 
only improves the spatial resolution and displacement sensitivity but also maintains 
the advantage of noncontact full field measurement. However, both methods need 
deformation carriers fabricated on specimen surfaces. For moiré method, gratings are 
indispensable and for DIC method, random speckle patterns are necessary.

 1. In order to measure microscopic deformation with SEM moiré method, high 
frequency gratings are required to be fabricated on specimen surface. To the best 
of the authors’ knowledge, three options are available so far to fabricate gratings 
with pitches at submicron scale, including holographic photolithography [6, 7], 
electron beam lithography (EBL) [8–10], and focused ion beam (FIB) milling 
[11–14]. Holographic photolithography consists of coating photoresist, expo-
sure, developing, depositing metal film, and removing the rest of photoresist, 
which is a little cumbersome. This technique can produce large area gratings, 
usually dozens of millimeters, with high efficiency, but also demands high preci-
sion optics setup and good performance of vibration isolation. EBL is almost the 
same as photolithography except two differences. First, the exposure source is 
electron beam instead of laser beam. Second, the grating pattern is formed by 
pattern generator instead of the interference of two laser beams. Compared to the 
above two methods, FIB milling is a more straightforward technique (maskless 
and resistless), which directly writes gratings on a specific region of the specimen 
surface. Both FIB and EBL allow producing gratings with frequencies up to 
10,000 lines/mm, but neither method is suited for large scale patterning since they 
are time-consuming and of low throughput due to their serial nature. Therefore, 
the grating made by EBL and FIB is more suitable to measure microscopic defor-
mation. For microstructures commonly used in MEMS like free standing films, 
FIB is no doubt a better choice as photoresist coating and developing probably 
destroy the device if EBL is used.
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Some successful applications of FIB milling to fabricate high frequency 
 gratings have been reported. Xie and Li [11] fabricated gratings of 5,000 lines/
mm on polysilicon micro-cantilever as deformation carrier to measure its resid-
ual deformation. Yan et al. [12] reported the fabrication of nano-gratings on 
silicon-on- insulator based cantilever. Shang and Xie et al. [13] realized the real-
time observation of the grating fabricated on polysilicon cantilever by FIB as the 
temperature elevated from room temperature to 300 °C at intervals of 50 °C. Du 
and Xie et al. [14] applied this technique to porous Ti-Ni shape memory alloy. 
However, this fabrication technique has not been studied thoroughly and com-
prehensively. How to design a grating with a proper frequency and an appropri-
ate size has not been clarified yet.

 2. SEM-DIC requires the presence of a randomly patterned material surface and the 
random pattern must have a recognizable and resolvable structure at an appropri-
ate scale for the interested problem. Although the fabrication of random patterns 
encounters a great challenge due to the tiny size of material at reduced length 
scale, some different patterning techniques have been developed for each length 
scale. Sutton et al. [15] developed chemical vapor exposure and UV lithography 
to fabricate random patterns for nanoscale and microscale measurement respec-
tively. Berfield et al. [16] created random speckle patterns with a fine point air-
brush for microscale measurement and fluorescent nanoparticles for nanoscale 
measurement. Tanaka et al. [17] utilized EBL to make random patterns for 
microscale/nanoscale measurement by backscattered electron imaging (BSEI) 
under field emission SEM. Liu et al. [18] made use of FIB milling for fabrication 
of periodic micro-markers on a MEMS device. Korsunsky and Sebastiani et al. 
[19–21] applied FIB milling to fabricate periodic holes as speckle patterns for 
nanoscale measurement. Sabate et al. [1, 22–24] acquired speckle patterns by 
deposition of 20 nm pt layer with FIB for nanoscale measurement. With the use of 
FIB, Kregting et al. [25] first defined a rectangular grid in spacing of 250 nm and 
then randomly positioned markers within a square of 150 nm size around each grid 
point. Kammers and Daly [26] provided a survey of small-scale patterning methods 
for SEM-DIC.

Each patterning technique has its own advantages and limitations. For the 
microscale/nanoscale measurement of micro-devices like MEMS, FIB is an 
ideal choice for its direct milling or depositing capability. It should be noted that 
due to the disadvantage of time consumption, large-area pattern fabrication is 
impossible for FIB. However, this disadvantage is negligible for micro-device and 
micro-structure. Although FIB milling has been used to fabricate speckle patterns 
at reduced length scale, this fabrication technique itself has not been studied 
thoroughly. How to design an optimized template and an appropriate pattern size 
is not clear yet.

This chapter aims at providing guidance on the fabrication and the application of 
the deformation carriers including gratings and speckle patterns fabricated with FIB 
milling. The principle of fabricating deformation carriers with FIB milling is intro-
duced. The design of deformation carriers is emphasized. The fabrication influenc-
ing factors are analyzed. To check out their high temperature performances, high 
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temperature tests using fabricated deformation carriers are performed. The  deformation 
carriers have been applied successfully to measure microscopic deformation, which 
demonstrate that the deformation carriers fabricated with FIB milling combined with 
SEM moiré method or SEM-DIC method are effective tools for microscopic deforma-
tion measurement.

10.2  Fabrication Technique of Gratings with FIB

10.2.1  Principle of Grating Fabrication with FIB

FIB technologies have been widely applied as powerful tools in the semiconductor 
industry mainly for micro/nano-structuring, mask repairing, device modification, 
failure analysis, and integrated circuit debugging [27, 28]. Here we extend the applica-
tion of FIB to fabricate specimen grating, which offers a new tool to fabricate gratings 
for moiré method. By accelerating concentrated ions to a specific site, FIB milling can 
etch off any exposed material, leaving a very clean hole, as shown in Fig. 10.1.

Dual beam systems (SEM and FIB) are used in our study. The flowchart of grating 
fabrication is shown in Fig. 10.2. The first step is to design grating patterns and the 
details are described in Sect. 10.2.2. Parallel gratings are for one dimensional 

Sputtered
material

Ion beam

SpecimenFig. 10.1 The diagram of 
FIB milling [29]

Input FIB system

Locate specimen site

Set etching parameters
and start etching

Observe
with SEM

Design grating patterns

Fig. 10.2 The flowchart of 
grating fabrication [29]
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deformation measurement and cross gratings are for two dimensional deformation. 
Then input the designed grating patterns into the FIB system and locate the site of 
interest on the specimen. Set etching parameters, such as the ion beam current and 
etching depth, and start etching. Finally, observe the fabricated grating with SEM.

10.2.2  Design of FIB Gratings

The design of the grating patterns is the first and most critical step during the process 
of grating fabrication, including designing the grating frequency and the grating 
area at the same time. It overcomes the shortcoming of the traditional practice that 
only takes into account the grating frequency.

Denote Lvx and Lvy as the dimensions of the view field along axes x and y, Lsx and 
Lsy as the dimensions of the sample along axes x and y, Lgx and Lgy as the dimensions 
of the grating area along axes x and y. In order to design a specimen grating with a 
proper frequency and a proper size, a process flow is devised as follows [30]:

 1. Design the frequency of the specimen grating fs according to the displacement 
measurement accuracy;

 2. Calculate the matched magnification M0;
 3. Calculate Lvx and Lvy;
 4. Compare the size of the sample to the size of the view field

 (a) If Lsx ≪ Lvx or Lsy ≪ Lvy, enhance the magnification until Lsx ≥ Lvx/10 and 
Lsy ≥ Lvy/10 and recalculate fs according to the magnification, then the size of 
grating falls into three categories:

If Lsx ≤ Lvx and Lsy ≤ Lvy, Lgx = Lsx, Lgy = Lsy

If Lsx ≤ Lvx and Lsy > Lvy, Lgx = Lsx, Lgy = Lvy

If Lsx > Lvx and Lsy ≤ Lvy, Lgx = Lvx, Lgy = Lsy

 (b) If Lsx ≫ Lvx and Lsy ≫ Lvy, then the size of the grating should satisfy that 
Lvy/10 ≤ Lgy ≤ Lvy and Lvx/10 ≤ Lgx ≤ Lvx.

 (c) If Lsx ≈ Lvx and Lsy ≈ Lvy, Lgx = min(Lsx,Lvx), Lgy = min(Lsy,Lvy)

10.2.3  Influencing Factors of Grating Fabrication with FIB

10.2.3.1  Roughness of Specimen Surface

A flat plane is indispensable to fabricate high quality specimen gratings. Generally, 
except silicon, silicon-based materials, MEMS devices and thin films, most of the 
specimen surface especially metal materials need polishing. First polish the 
specimen surface with sand papers (400#, 600#, 800#, 1,000#, 1,500# and 2,000# 
in sequence) along two perpendicular directions alternatively and then with w0.5 
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diamond compounds. Remember to wash the specimen surface with water before 
each replacement. Finally observe the specimen surface under microscope to ensure 
there is little or no scratch. Only if the specimen is polished to a mirror-like plane, 
can top quality gratings be made. As shown in Fig. 10.3, the grating on stainless steel 
with low level surface roughness is obviously better than that on the other specimen 
with high level surface roughness.

10.2.3.2  Opening Ratio of Specimen Grating

The opening ratio of a grating is the ratio between the width of the grating trench 
(pst) and the grating pitch (ps), see Fig. 10.4, which directly influences the morphology 
of SEM moiré fringes. A group of gratings with different opening ratios have been 
fabricated on a silicon wafer, as shown in Fig. 10.5. The grating frequency is 
2,000 lines/mm, which means the grating pitch is 0.5 μm. The setting depth is 0.2 μm, 
the width of grating area is 15 μm, the ion beam current is 500 pA, and the magni-
fication of the FIB system is 5,000×. The corresponding SEM moiré fringes are 
presented in Fig. 10.6. It can be found that with a predefined frequency, the smaller 
the opening ratio is, the thinner dark fringes are. In general, thinner fringes are favor-
able. Therefore, a grating of smaller opening ratio will result in moiré fringes with 
higher quality. The smallest opening ratio corresponds to no-setting case, when the 
grating trench width is only determined by the width of ion beam current. Furthermore, 
it also consumes the least time, see Table 10.1.

Fig. 10.3 Gratings fabricated on the surface of stainless steel with different levels of roughness 
(a) low roughness, Ra = 0.89 nm [30] and (b) high roughness, Ra = 1.29 nm [31]

Fig. 10.4 Diagram of grating 
structure
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Fig. 10.5 Gratings with different opening ratios (a)1/5, (b) 2/5, (c) 1/2, and (d) 3/5 [31]

Fig. 10.6 SEM moiré  
fringes generated by 
specimen gratings in 
Fig. 10.5, whose  
opening ratios are 1/5, 2/5, 
1/2, and 3/5 respectively  
from left to right [31]

Table 10.1 Time consumed 
by gratings with different 
opening ratios [31]

Opening ratio Time (s)

No setting 220
1/5 446
2/5 834
1/2 1,057
3/5 1,246
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10.2.3.3  Etching Depth

The etching depth influences the contrast of the grating itself, which further influences 
the contrast of SEM moiré fringes. Gratings with different etching depths are illus-
trated in Fig. 10.7. The grating frequency is 2,000 lines/mm, the width of the grating 
area is 15 μm, the ion beam current is 500 pA and the magnification of the FIB 
system is 2,500×. It can be seen that the contrast of the grating increases with the 
increase of setting etching depth while the contrast of SEM moiré fringes increases 
with the increase of setting etching depth until 0.4 μm (Fig. 10.8). This implies that 
high quality SEM moiré fringes can be obtained when the etching depth is appropriate, 
neither too small nor too large. On the other hand, FIB milling itself is a destructive 
fabrication method. If the etching depth is too large, the mechanical property of the 
tested material will be affected. In general, the etching depth should be much less 
than the thickness of material, to be specific, their ratio should be smaller than 1/20. 
At the same time, a larger etching depth will consume longer time as shown in 
Fig. 10.9 and the cost will be increased. In order to reduce the cost, a smaller etching 
depth is preferable. In summary, the optimized etching depth should be shallow but 
ensure enough contrast of SEM moiré fringes. The optimized etching depth can be 
obtained by repeated trials and it is always varied with materials.

In practice, the etching depth is set in advance. However, due to the redeposition 
of sputtered atoms, the actual depth is usually much lower than the assumed value. 
Figure 10.10 shows the atomic force microscope (AFM) measurement results of 
gratings in Fig. 10.7.

10.2.3.4  Ion Beam Current

The ion beam current is an important parameter that determines processing accuracy 
and rate [28]. If a higher milling depth or a fast milling rate is required, a higher-
current ion beam is preferred. However, the higher-current ion beam results in a 
coarser definition of the milled structure and a larger amount of debris. Experiments 
demonstrate that higher quality of gratings can be fabricated when the ion beam 
current is between 100 and 800 pA.

As a result of the primarily Gaussian distribution of the current density of the ion 
beam, the grating patterns naturally have sinusoidal profiles, as shown in Fig. 10.11.

10.2.3.5  Scan Mode

There are two types of scan modes for FIB milling: parallel mode and serial mode. 
In parallel mode, all periodic spots are etched in the whole expected region during 
each pass, and this procedure is repetitively carried out until the expected depth is 
realized, as shown in Fig. 10.12a, therefore the redeposition is proportionally 
reduced in each pass and a portion of the redeposition from the earlier passes is 
removed by the subsequent milling. In serial mode, one periodic spot is repetitively 

Y. Li et al.



275

Fig. 10.7 Gratings with different setting etching depths (a) 0.1 μm, (b) 0.2 μm, (c) 0.3 μm, (d) 0.4 μm, 
and (e) 0.5 μm [31]
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etched until the expected depth is realized, and then the next periodic spot, as 
shown in Fig. 10.12b; therefore, sputtered materials are continuously redeposited 
into the region milled earlier, and the redeposited materials accumulate more on the 
regions milled earlier. In order to obtain flat and vertical channels, parallel mode is 
recommended.

10.2.3.6  Magnification of the FIB System

In the fabrication process, the maximum grating area is inversely proportional to the 
magnification of the FIB system. Since the grating length is usually designed to be 
larger than or equal to its width, here the relation curve between the maximum grating 
length and the magnification of the FIB system of FEI DB 235 is presented in 
Fig. 10.13. However, one frequency can be manufactured under different magnifications. 

Fig. 10.8 SEM moiré fringes generated by gratings in Fig. 10.7, the setting etching depths are 0.1, 
0.2, 0.3, 0.4, and 0.5 μm from left to right [31]

Fig. 10.9 Milling time vs. setting depth [31]
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For example, to fabricate a grating in length of 150 μm, any magnification less 
than 2,000× can be chosen. However, the higher the magnification is, the higher the 
resolution is and the better the quality of the grating is. Therefore, the highest 
magnification is the best choice.

Fig. 10.10 Real depth measured by AFM vs. setting depth [31]

Fig. 10.11 The morphology of a grating under AFM (a) the whole area and (b) the depth along 
the white line, the grating area is 10 × 10 μm [31]

Fig. 10.12 Scan modes of FIB milling (a) parallel mode and (b) serial mode [31]
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10.2.3.7  Mosaic

Mosaic is one of schemes to get large area gratings. However, we do not advocate 
mosaic gratings since imperfect alignment will lead to a nonuniform initial moiré 
and make the subsequent calculation complicated. As shown in Fig. 10.14, the initial 
moiré is nonuniform and the mosaic position can be observed clearly for the mosaic 
grating while the moiré is uniform for the other one without mosaic. By increasing 
the number of the grating lines and etching gratings under a lower magnification, 
mosaic can be avoided.

10.2.3.8  Discussions on the Influencing Factors

 1. A flat plane with a surface roughness of low level is indispensable to fabricate 
high quality specimen gratings. Fortunately, this requirement can be met by pol-
ishing in most cases. However, for tiny specimens like thin films which are too 
fragile to be polished, deposition of a layer of Pt is a better choice.

 2. A smaller opening ratio of gratings results in a better quality of SEM moiré 
fringes, and the opening ratio is smallest in non-setting case.

 3. In order to save the etching time and maintain the mechanical property of the 
tested material itself, the etching depth should be shallow on condition that it can 
ensure enough contrast of SEM moiré fringes. The optimized etching depth is 
usually obtained by repeated trials and varied with materials.

 4. Repeated experiments demonstrate that higher quality gratings can be fabricated 
when the ion beam current is between 100 and 800 pA. Higher-current ion beam 
results in a coarser definition of the milled structure and lower-current will 
reduce the etching rate.

Fig. 10.13 The maximum length of a grating vs. magnification of the FIB system of FEI DB235 [31]
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 5. Parallel mode is recommended to reduce the influence of material redeposition.
 6. The magnification of the FIB system is inversely proportional to the maximum 

grating area. Therefore, the former is derived according to the designed value of 
the latter.

 7. Mosaic can be avoided by increasing the number of the grating lines and etching 
gratings under a lower magnification.

It can be found that some parameters have been determined through our above 
mentioned analysis or during the design process. Thus, in practical fabrication 
process, only the ion beam current and the etching depth need to be optimized 
through repeated trials. The influences of the ion beam current and the etching depth 
to the grating fabrication are listed in Table 10.2.

10.2.4  Examples of Gratings Fabricated with FIB

FIB is a widely used microscale/nanoscale machining tool, which can fabricate high 
quality gratings on the surface of various materials, as shown in Fig. 10.15. The 
grating fabrication parameters are listed in Table 10.3.

Fig. 10.14 Moiré fringes 
generated by gratings with (a) 
and without mosaic (b) [30]

Parameter Magnitude Etching time Grating quality

Ion beam  
current

Large Short Bad
Small Long Good

Etching  
depth

Large Long Good
Small Short Bad

Table 10.2 Influences  
of the ion beam current  
and the etching depth on  
the grating fabrication [31]
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Fig. 10.15 Gratings fabricated with FIB on different materials (a) amorphous SiC [31], 
(b) low- carbon steel [31], (c) low carbon steel [29], (d) thermal barrier coating [31], (e) optical 
fiber [31], and (f) silicon wafer [31]
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10.2.5  High Temperature Tests

Since the grating is by directly fabricated on the specimen surface with FIB, it is 
natural to conclude that if the specimen is stable under high temperature, then the 
grating is reliable to be used to measure high temperature deformation. To check out 
the performance of the grating under high temperature, the verification experiments 
are carried out with amorphous SiC micro-beam and thermal barrier coating.

10.2.5.1  Amorphous SiC Micro-beam [30]

A 2,000 lines/mm parallel grating is fabricated on the amorphous silicon carbide 
specimen surface with FEI DB235, as shown in Fig. 10.16a. The fabrication parameters 
are listed in Table 10.4.

Put the sample on the SEM stage (Shimadzu S-550) to record the gratings and 
the moiré fringes before and after high temperature, as shown in Figs. 10.16 and 
10.17. It can be seen that although the morphology of the grating is not very clear 
after high temperature of 350 and 550 °C, the moiré is still distinguishable with a 
contrast degradation, which indicates that the FIB milled grating can suffer high 
temperature at least up to 550 °C. However, the pitch of the moiré fringes is altered 
after high temperature, which means that residual strain exists. The residual strain 
is probably attributed to the thermal mismatch between the micro-beam, the sacrificial 
layer and the Si substrate. The dirty things in Fig. 10.17c are caused by careless 
scratch. The new material in Fig. 10.16b, c is probably the product of the high tem-
perature chemical reaction of sputtered gold with atmosphere.

10.2.5.2  Thermal Barrier Coating

The tested thermal barrier coating is zirconia thin film in thickness of 500 μm coated 
on the substrate of stainless steel, which is produced through a thermal spraying 
process. The specimen surface is polished to meet the roughness requirement. Since 
zirconia is not conductive, a thin layer of gold is coated on the specimen surface. 
A 2,000 lines/mm cross grating is fabricated on the interface of substrate and the 
adhesive layer with FEI DB235 and the fabrication parameters are listed in Table 10.5.

Table 10.3 The fabrication parameters of gratings in Fig. 10.15 [31]

Number Material
Grating 
type

Grating frequency 
(lines/mm)

Ion beam 
current (pA)

Etching 
depth (μm)

(a) Amorphous SiC Parallel 3,000 138 0.2
(b) Low-carbon steel Cross 5,000 119 0.2
(c) Low-carbon steel Parallel 2,000 139 1
(d) Thermal barrier coating Parallel 2,000 739 1
(e) Optical fiber Parallel 1,000 123 0.1
(f) Silicon Parallel 2,000 460 0.4
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Put the sample on the SEM stage (FEI Siron 400 NC) to record the moiré fringes 
before and after high temperature of 600 °C, as shown in Fig. 10.18. The fringes are 
still clear, which implies that the FIB milling grating on the surface of a thermal 
barrier coating specimen can bear high temperature of 600 °C. It can be observed 
that there is a relative displacement between both sides of the interface, which 
means that the thermal deformations of these two materials are different.

10.2.6  Application to Measure the Deformation  
Around Grain Boundary [29]

Parallel gratings of 5,000 lines/mm are fabricated on low-carbon steel with FEI DB 
235. In order to study the influence of grain boundaries on the plastic deformation, 

Table 10.4 The grating fabrication parameters on the amorphous silicon carbide specimen surface

Ion beam  
current (pA)

Setting  
depth (μm)

Dimensions of  
grating area (μm2)

Milling  
time (min)

Magnification  
of FIB system

164 0.3 75 × 4 4 4,000×

Fig. 10.16 Gratings on amorphous SiC micro-beam (a) before high temperature, (b) after high 
temperature of 350 °C, and (c) after high temperature of 550 °C [30]
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the deformation characteristics of five different types of grain boundaries are 
 investigated. Moiré fringes around each grain boundary are captured and their strain 
distributions are derived, as shown in Fig. 10.19, where the dashed lines are grain 
boundaries. The strain fields around these grain boundaries are inhomogeneous and 
increase with stress. When the direction of the grain boundary is almost parallel to 
the loading direction as Fig. 10.19a, the grain boundary has no obvious influence 
on the strain distribution. When the grain boundary is almost perpendicular to the 
loading direction as Fig. 10.19b, the strain along the grain boundary is minimum. 
When the angle between the direction of the grain boundary and the loading 

Fig. 10.17 Moiré fringes (a) before high temperature, (b) after high temperature of 350 °C, and 
(c) after high temperature of 550 °C [30]

Table 10.5 The grating fabrication parameters on the thermal barrier coating specimen surface

Ion beam current 
(pA)

Setting  
depth (μm)

Dimensions of  
grating area (μm2)

Milling  
time (min)

Magnification  
of FIB system

700 0.2 100 × 100 37.6 3,000×
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Fig. 10.18 Moiré fringes (a) before high temperature and (b) after high temperature of 600 °C [31]

Fig. 10.19 Moiré fringes and strain fields around different grain boundaries, each row corre-
sponds to one type of grain boundary, where the first two images are the moiré fringes and strain 
field under the stress of 258 MPa, while the second two images are the moiré fringes and strain 
field under the stress of 323 MPa, the dashed lines are grain boundaries, the dots are the locations 
of the maximum strain [29]
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direction is about 45° as Fig. 10.19c, d, the strain along the grain boundary is maximum. 
For a tricrystal grain boundary as Fig. 10.19e, only the strain around the left grain 
boundary is minimum and the other two grain boundaries have no obvious influence 
on the strain distribution. These different distributions are probably attributed to 
the differences of grain orientations around grain boundaries and the different 
angles between the direction of grain boundaries and the loading direction.

The moiré fringes and the enlarged grating when the specimen is subjected to 
tensile stress of 323 MPa are shown in Fig. 10.20. It is found that a slip band appears in 
the grating region and the bending direction of moiré fringes is along the direction 
of slip band. Furthermore, the moiré fringes become denser around the slip band, 
which indicates that the inhomogeneous strain is caused by slip.

10.3  Fabrication Technique of Speckle Patterns with FIB

10.3.1  Principle of Fabricating Speckle Pattern  
with FIB Milling

Various microstructures can be fabricated with FIB system based on different input 
pattern images. This characteristic makes it possible to fabricate random speckle 
patterns with FIB milling. Using FIB milling to fabricate speckle patterns not 
only extends the application of FIB but also offers a new patterning technique for 
DIC method.

Dual systems combining FIB and SEM are used in our study. The flowchart of 
fabricating speckle pattern with FIB is shown in Fig. 10.21. A template (a binary 
bmp image, as seen in Fig. 10.22) of speckle pattern is first generated by software, 
converted with Patterns 1.04 (software package), and inputted into the pattern 
generator of the FIB system. Then an area of interest on the specimen is chosen and 
the speckle patterns are etched according to the template once the parameters 
including the magnification, the ion beam current, and the etching time are selected. 
Finally, speckle patterns are formed on the specimen surface and observed 
with SEM.

10.3.2  Design of the Speckle Pattern

The design of the speckle pattern involves two aspects: the pattern morphology and 
the pattern size. The former directly influences the quality of the speckle pattern and 
depends on the template. The latter determines the displacement sensitivity and 
depends on the magnification of the FIB system. Therefore, the design of the speckle 
pattern includes choosing an optimized template and a proper magnification of the 
FIB system to meet the displacement measurement requirements.
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Fig. 10.20 Moiré fringes and grating corresponding to Fig. 10.19d when the specimen is 
subjected to tensile stress of 323 MPa [29]

Fig. 10.21 Flowchart of speckle fabrication process with FIB [32]

Fig. 10.22 A template of 
speckle pattern. The size is 
512 pixels × 512 pixels, the 
number of the speckles is 
9,000 and the radius of a 
single speckle is 2 pixels. 
During the fabrication 
process, only the counterpart 
of the specimen to the black 
part is etched. (Copyright by 
Science China Physics 
Mechanics Astronomy) [33]
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10.3.2.1  The Template

The morphology of the template is determined by two parameters: the radius and 
the number of the speckle. As reported in previous study [34], the optimized radius 
of a single speckle is 2–3 pixels, thus only 2 pixels and 3 pixels are taken into 
account. Templates with speckle amounts of 4,000, 5,000, 6,000, 7,000, 8,000, 
9,000, and 10,000 are generated respectively for radiuses of 2 pixels and 3 pixels so 
as to choose a good one. The speckle patterns are fabricated on a silicon wafer and 
two typical SEM images of the fabricated speckle patterns are shown in Fig. 10.23, 
which are based on the templates with 9,000 speckles in radiuses of 2 pixels and 
3 pixels. The etching time is 5 min, the ion beam current is 84 pA, and the magnifi-
cation is 5,000×.

Since the quality of the speckle pattern directly affects the accuracy of the subsequent 
correlation calculation and a good template is the foundation to get a high quality 
speckle pattern, it is essential to choose a best template with a unified evaluation 
criterion. In order to assess the quality of a speckle pattern, some methods or param-
eters have been developed, including mean intensity gradient [35], mean subset 
fluctuation [36], image morphology method [37], subset entropy [38], and sum of 
squares of subset intensity gradient [39]. Here mean intensity gradient [35] is 
adopted as it is an effective global parameter.

The expression of mean intensity gradient is [35]

 d f
i

W

j

H

ijf W H= Ñ ( ) ´( )
= =
åå

1 1

x /  (10.1)

where W and H (in unit of pixels) are image width and height respectively, 

Ñ ( ) = ( ) + ( )f f fij x ij y ijx x x
2 2

 is the local intensity gradient vector with fx(xij), 

Fig. 10.23 Fabricated speckle patterns based on two different templates (a) radius: 2 pixels, num-
ber: 9,000 and (b) radius: 3 pixels, number: 9,000 (Copyright by Science China Physics Mechanics 
Astronomy) [33]
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fy(xij) being the x- and y-directional intensity derivatives at pixel (xij), which is 
calculated using a commonly used gradient operator. The greater the mean intensity 
gradient is, the better the quality of the fabricated speckle pattern is.

The calculated results of mean intensity gradient are shown in Fig. 10.24. It can 
be found that the qualities of the speckle patterns fabricated based on the templates 
composed of speckles of 2 pixels in radius are better than those fabricated based on 
the templates composed of speckles of 3 pixels in radius. Mean intensity gradient 
keeps growing with the increase of the number of speckles within 9,000, which 
implies that the quality of the speckle pattern is improved with the increase of the 
number of speckles until the number reaches 9,000. Therefore the template with 
9,000 speckles of 2 pixels in radius is optimum for silicon. For other materials, an 
optimized template can be determined in the same way.

10.3.2.2 Magnification of the FIB System

It is well recognized that the displacement sensitivity of DIC method is 0.01 pixel. 
Since the pixel size of the recorded SEM image is usually constant, the displacement 
sensitivity is directly related to its physical size, which is approximate to the pattern 
size. Therefore, the pattern size is designed according to the required displacement 
measurement sensitivity. During the fabrication process the pattern size is adjusted by 
altering the magnification of the FIB system. Once their relationship is determined, 
it is convenient to obtain a desired pattern size by altering the magnification.

Using the same template, the etched area is inversely proportional to the magni-
fication of the FIB system. For simplicity, the template is generated as a square so 
that the relationship between the etched area and the magnification is transformed 
into the relationship between the length of the square and the magnification. 

Fig. 10.24 Mean intensity gradient of the fabricated speckle patterns (Copyright by Science 
China Physics Mechanics Astronomy) [33]
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To calibrate their relationship, the speckle patterns are fabricated on amorphous 
 silicon carbide under the magnification of 5,000×, 10,000×, 12,000×, 15,000×, and 
20,000× respectively with the same template and two of them are shown in 
Fig. 10.25. The etching time is 5 min and the ion beam current is 164 pA. It can be 
seen that the morphologies of the speckle patterns are identical but the size varies 
with the magnification of the FIB system. By measuring the lengths of the squares at 
different magnifications, the relation curve of the length versus the magnification is 
obtained, as shown in Fig. 10.26, and the best fitted expression is derived. Therefore, 
the magnification of FIB can be determined according to the designed pattern size.

Fig. 10.25 SEM images of speckle patterns fabricated at two different magnifications of the FIB 
system (a) 15,000× and (b) 20,000× (Copyright by Science China Physics Mechanics Astronomy) [33]

Fig. 10.26 Relation curve of the length of the square versus magnification (Copyright by Science 
China Physics Mechanics Astronomy) [33]
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10.3.3  Influencing Factors of FIB Patterning Technique

The etching time and the ion beam current are two major parameters that influence 
the quality of the speckle pattern.

10.3.3.1 Etching Time

In order to investigate the influence of the etching time on the fabricated pattern, 
five groups of speckle patterns are produced on silicon substrate with different etch-
ing times, as shown in Fig. 10.27. It can be found that the contrast of the speckle 
image is improved with the growth of etching time, which is attributed to a larger 
depth of the speckle as a result of a longer etching time. However, a longer etching 
time will lead to a higher cost and a larger etching depth will affect the mechanical 
properties of materials. Therefore, it is necessary to obtain a reasonable time by 
repeated trials to ensure enough contrast and the mechanical property simultane-
ously. For silicon, 5 min is optimum to fabricate 50 μm× 50 μm speckle patterns.

10.3.3.2 Ion Beam Current

To investigate the effect of the ion beam current, the speckle patterns are fabricated 
on silicon with different ion beam currents, including 28, 55, 222, 589, and 983 pA, 
and three of them are presented in Fig. 10.28. The quality of speckle patterns is still 
assessed with mean intensity gradient and the results are plotted in Fig. 10.29, 
which suggests that 589 pA is optimum. If the ion beam current is lower, the con-
trast of the speckle pattern will be poor; otherwise the noise level will be higher.

10.3.4  Applications of FIB Milling Speckle Patterns

The speckle pattern fabricated on silicon based on the template consisting of 9,000 
speckles of 2 pixels in radius is applied to rigid body translation tests and rotation 
tests under SEM (FEI Siron 400). All the displacement calculations are fulfilled by 
self-developed DIC software. The subset size is 41 × 41 pixels2 and the sub-pixel 
displacement is calculated by Newton–Raphson method.

10.3.4.1 Translation Tests

A piezoelectric transducer (PZT) calibrated with a grating of 2,000 lines/mm is used 
to translate the specimen by increasing the voltage from 0 to 80 V with a step of 10 V. 
The speckle patterns are captured before and after the translation. The displacements 
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Fig. 10.27 Speckle patterns with different etching times (a) 60 s, (b) 120 s, (c) 180 s, (d) 240 s, 
and (e) 300 s. The ion beam current is 986 pA and the magnification of the FIB system is 5,000×. 
(Copyright by Science China Physics Mechanics Astronomy) [33]
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are calculated with DIC method and the results are listed in Table 10.6. The calculated 
average displacements are in good agreement with the imposed ones and the relative 
errors are within 5 %. To view the results more clearly, the results are illustrated 
in Fig. 10.30. As seen from Table 10.6, the standard errors are relatively small 
compared to the average value, which is the reason why standard errors are not 
displayed in the graph.

10.3.4.2 Rotation Tests

Rotation tests are realized by rotating the scanning lines of the SEM. The speckle pat-
terns are captured before rotation and after rotation of 1°, 2°, and 3°. The displacements 

Fig. 10.28 SEM images of speckle patterns fabricated with three different ion beam currents 
(a) 28 pA, (b) 589 pA, and (c) 983 pA. The magnification is 5,000× and the etching time is 5 min. 
(Copyright by Science China Physics Mechanics Astronomy) [33]
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are calculated with DIC method and the displacement vector after rotation of 3° is 
shown in Fig. 10.31. The rotation angle is expressed as

 q =
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ø
÷
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The calculated results are listed in Table 10.7. Both the standard errors and the relative 
errors are very small, which confirms the reliability of the fabricated speckle pattern.

10.3.5  High Temperature Tests

High temperature in situ tests are performed under SEM (Shimadzu S-550) using 
speckle patterns fabricated on silicon. Here are the fabrication parameters: the ion 

Fig. 10.29 Mean intensity gradient corresponding to Fig. 10.28 (Copyright by Science China 
Physics Mechanics Astronomy) [33]

Table 10.6 Comparison between the calculated displacement and the imposed 
one (Copyright by Science China Physics Mechanics Astronomy) [33]

Imposed  
displacement (μm)

Calculated  
displacement (μm)

Standard  
error (μm)

Absolute relative  
error (%)

0.909 0.929 0.0027 2.2
2.000 1.973 0.0017 1.4
3.212 3.116 0.0020 3.0
4.525 4.359 0.0028 3.7
5.859 5.598 0.0026 4.4
7.212 6.851 0.0041 5.0
8.525 8.098 0.0038 5.0
9.434 9.319 0.0032 1.2
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beam current is 627 pA, the magnification of FIB is 2,500, and the milling time is 
5 min. In order to ensure good conductivity, a thin layer of gold is deposited on the 
specimen surface before experiment.

Record the speckle patterns at room temperature. Increase the temperature to 50, 
100, 150, and 200 °C, keep for 5 min and record the corresponding speckle patterns 
respectively, as shown in Fig. 10.32. The speckle patterns at room temperature have a 

Fig. 10.30 Calculated average displacement versus imposed displacement. The solid line is a 
reference line where the calculated displacement is equal to the imposed displacement and the red 
points are the experimental data. (Copyright by Science China Physics Mechanics Astronomy) [33]

200 250 300 350 400 450
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Fig. 10.31 Displacement vector when scanning lines are rotated 3° (Copyright by Science China 
Physics Mechanics Astronomy) [33]
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good contrast. At 50 °C, the speckle patterns remain unchanged but the background 
becomes white due to the heating of filament. At 100 °C, speckle patterns cluster and 
several small bright points appear around. At 150 °C, the speckle patterns become white 
or gray, bright large particles appear in the periphery and the bright points become denser 
and bigger and far away from the speckle patterns. At 200 °C, the bright particles continue 
growing. Great changes have taken place with the increase of temperature, which will 
bring great error to the correlation calculation. The changes are perhaps caused by gold 
film and the Ga+ left on the specimen surface during the fabrication process.

10.4  Conclusions

 1. The fabrication technique of high frequency gratings with FIB milling is studied for 
use of SEM moiré method thoroughly and comprehensively. The concept is pro-
posed that the frequency and the size of the grating must be designed to meet the 
requirements of displacement measurement accuracy and the view field at the same 
time. To get high quality gratings, the main influencing factors, including the sur-
face roughness, the opening ratio of gratings, the scanning mode of the FIB system, 
the etching depth, the magnification of the FIB system and the mosaic of gratings, 
are investigated. Some technique skills are summarized to provide a guide for this 
grating fabrication method. To verify the capability of the fabricated gratings for 
high temperature use, high temperature tests are carried out, which will provide 
experiment evidences for high temperature  deformation measurement. The success-
ful application of gratings fabricated with FIB to measure the deformation around 
the grain boundary is presented, which proves FIB milled grating combined with 
SEM moiré method is effective for microscopic deformation measurement.

 2. The fabrication technique of microscale/nanoscale speckle patterns with FIB 
milling is developed. The speckle patterns are fabricated by directly etching the 
black part of a software-generated binary template of random speckle patterns. 
Mean intensity gradient is used to evaluate the quality of these SEM images of 
speckle patterns fabricated with different templates so that a best template is 
selected. The size of the etching area depends on the displacement measurement 
sensitivity and can be adjusted by altering the magnification of FIB. The influ-
encing factors including etching time and ion beam current are also analyzed. 
Rigid body translation tests and rotation tests are carried out under SEM with the 
patterns fabricated by FIB. The results demonstrate that FIB patterning tech-
nique coupled with SEM-DIC is well suited to measure the microscale/nanoscale 
deformation of macro-specimens and microscale/nanoscale devices like MEMS. 

Table 10.7 Comparison between the calculated rotation angle and the real one 
(Copyright by Science China Physics Mechanics Astronomy) [33]

Real angle (°) Calculated angle (°) Standard error (°) Absolute relative error (%)

1 0.998 0.007 0.2
2 2.003 0.015 0.15
3 2.983 0.020 0.57
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High temperature in situ tests are conducted with speckle patterns fabricated 
with FIB, which demonstrate that the speckle patterns fabricated by direct mill-
ing is not suited for high temperature in situ experiments.
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Fig. 10.32 Speckle patterns at different temperatures (a) room temperature, (b) 50 °C, (c) 100 °C, 
(d) 150 °C, and (e) 200 °C [32]
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    Abstract     We combine focused ion beam patterning (FIB) and self-assembly of 
epitaxial quantum dots in order to produce regular quantum dot arrays. Island- shaped 
quantum dots are expected to nucleate at specifi c locations where the ion beam has 
formerly patterned the surface. Different ion beam patterning parameters are com-
pared, including accelerating voltage, probe current, dwell time and pitch. Three 
different types of ion beam damage are explained. Secondary electron imaging (SEI) 
in a scanning electronic microscope (SEM) and atomic force microscopy (AFM) 
have been performed before and after overgrowth of the patterned areas. We investi-
gate how the patterning parameters infl uence nucleation and overgrowth, including 
the diameter, height and distribution of three forms of structures formed, i.e. islands, 
rings and holes. Islands are preferably formed at arrays patterned at low acceleration 
voltage with low ion dose. Also, the relationship between patterning parameters and 
island sizes has been studied. Micro-photoluminescence was performed in and 
 outside patterned regions, in order to compare their optoelectronic properties.  

11.1         Introduction 

 In the last few decades, fabrication of quantum dots (QDs) has experienced rapid 
progress. Quantum dots are small artifi cially engineered crystal structures which 
have electronic properties that are characteristic of atomic dimensions [ 1 ]. The 
smaller the quantum dots are the larger their bandgap is. Quantum dots have been 
widely studied and are used in optoelectronic engineering for lasers, light-emitting 
diodes (LEDs) and solar cells. One of the dominating fabrication techniques is 
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Stranski-Krastanov growth by molecular beam epitaxy (MBE). It is a top-down 
approach and a quick way to grow quantum dots on large areas of a wafer or sub-
strate; however, these self-assembled quantum dots have a certain spread in their 
size and hence of their emission energies [ 2 ]. In addition, the inherently random 
position of nucleation puts limits on downsizing devices further. If only a few quan-
tum dots are included in a device, the location and uniformity of quantum dots will 
have a strong infl uence on the reproducibility of the electronic and optoelectronic 
performance across multiple devices. The bottom-up growth by patterning the sub-
strate before overgrowth is an alternative approach which can produce regular QD 
arrays on patterned substrates with better position control and homogeneity [ 3 ]. 
Photoluminescence spectra of QD arrays can exhibit signifi cant inhomogeneous 
broadening if their shapes, sizes or chemical composition differ laterally [ 4 – 6 ]. 
Periodic arrays of regular QDs may have improved optical properties and are thus 
interesting for a number of applications. However, it is a challenge to produce 
highly ordered QD arrays. 

 Bottom-up QD growth can be achieved by using optical-, electron beam- or ion 
beam-based lithography [ 4 ,  7 ], nanoimprint techniques [ 8 ] or growth on cleaved 
edges or misoriented surfaces [ 9 ]. Focused ion beam (FIB) technology can be used 
to assist in the fabrication of regular QD arrays by patterning the substrate before 
overgrowth. The principle is similar to other forms of lithographic or chemical 
etching- induced quantum dot array fabrication. Molecular beam epitaxial quantum 
dots are expected to nucleate preferentially at specifi ed locations previously scanned 
by the ion beam, avoiding undisturbed regions of the surface where uniform quan-
tum dot nucleation, typical of self-assembly processes, will continue to be observed. 
As this technology has no chemical etching of a resist or mechanical imprint by a 
template involved, there are hardly any restrictions on the sample material [ 10 ] 
which is considered an advantage compared with other fabrication methods. A dis-
advantage of FIB patterning is that the procedure is serial and thus slow, so that only 
a limited fi eld of view can be patterned in reasonable time, and if the fi eld of view 
becomes very large, distortions of the patterns due to optical aberrations of the 
beam-forming optics may become relevant. Regular QD arrays have been shown to 
have better photoelectric properties (Purcell effect [ 11 ]) and sharper spectral peaks 
compared with self-assembled quantum dots [ 12 ,  13 ].  

11.2     Regular Quantum Dot Array Fabrication by FIB 

 The fabrication of regular quantum dot arrays by FIB can be separated into two 
main stages: the FIB patterning stage and the MBE overgrowth stage. We have 
investigated InGaAs quantum dot growth on GaAs (001) substrates patterned in a 
JEOL 6500 F Fabrika SEM/FIB dual-beam instrument equipped with an Orsay 
Physics Ga +  ion column and a Raith lithography system that can control both the ion 
and the electron beam. The ion beam that scans the surface of the substrate disturbs 
both the native surface oxide (Ga 2 O 3 ) and the underlying crystalline GaAs, leading 
to regular arrays of protrusions, rings or holes, depending on the ion beam 
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parameters. This will change the surface morphology and hence the surface energy 
near to the drilled features. This surface energy is expected to infl uence the quantum 
dot nucleation. A series of patterns have been milled with systematically varied ion 
beam parameters. The different parameters included accelerating voltage, ion probe 
current (aperture size), dwell time and the pitch size of the arrays. Quantum dots 
have been observed to nucleate more likely at the bottom of patterned holes, if these 
are suffi ciently large, or in the vicinity of their edges during MBE overgrowth, as 
shown in Fig.  11.1 .

   In the second overgrowth stage, the patterned substrate is moved into the MBE 
chamber. First the sample is degassed at 400 °C for 1 h to remove carbon surface 
contamination. Prior to the overgrowth, the top native oxide layer is removed under an 
arsenic fl ux at 580 °C for 30 min, during which the surface is monitored using refl ec-
tion high-energy electron diffraction (RHEED). A clear (2 × 4) reconstruction is indic-
ative of a smooth and relative oxide-free surface. Higher temperature annealing should 
be avoided, in order to maintain the underlying FIB pattern [ 14 ]. The fi rst deposited 
layer is a 20 nm GaAs buffer layer at 580 °C, followed by a 1.5 ML InAs layer at 
520 °C. The growth rates of GaAs and InAs are 0.5 ML/s and 0.02 ML/s, respectively. 
The buffer layer thickness is well controlled so that it reduces the effect of surface ion 
damage but yet does not fi ll in the FIB fabricated patterns. During growth, the thick-
ness of InAs is very important. The amount of material deposited ensures InGaAs 
quantum dots will nucleate based on the Stranski-Krastanov growth transition, which 
for InAs/GaAs is known to occur at 1.8 ML InAs thickness [ 14 ,  15 ] and trigger the 
formation of indium-rich islands connected by an  indium- depleted wetting layer [ 16 ]. 

 Before and after MBE growth, the sample has been investigated with atomic 
force microscopy (AFM) and scanning electronic microscopy (SEM). AFM is very 
sensitive to surface roughness changes, which allows us to understand the 

  Fig. 11.1    Atomic force 
microscope (AFM) image 
of an overgrown pattern 
produced with a stigmatic 
FIB, demonstrating the 
material deposited 
subsequently is more likely 
to form islands near the 
edges and on the valleys 
of deep holes       
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relationship between the FIB milled pattern and the quantum dots grown later. AFM 
images have been captured by a Veeco Nanoscope V instrument operated in tapping 
(non- contact) mode. SEM secondary electron imaging (SEI) is an essential tool to 
examine the patterned region with suffi cient lateral resolution. Some typical AFM 
and SEM images are shown in the following    (Figs.  11.2  and  11.3 ).

  Fig. 11.2    SEM secondary electron (SE) images captured before ( a ,  c ,  e ) and after ( b ,  d ,  f ) over-
growth. When comparing SE images directly after patterning but before overgrowth with those 
after overgrowth, the 55° sample tilt for FIB milling gives an apparent foreshortening of the verti-
cal due to the projection, which has not been corrected here. The ion dose increases from  top  to 
 bottom . Patterning parameters are ( a ,  b ) 20 keV, 5pA, 5 ms dwell time; ( c ,  d ) 30 keV, 2pA, 200 ms 
dwell time; ( e ,  f ) 30 keV, 40pA, 200 ms dwell time       
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11.3         Investigating the Role of Different Focused Ion Beam 
Parameters 

 The damage from ion beam implantation into the substrate is controlled by acceler-
ating voltage, ion probe current, ion dose and angle of incidence. The crystallo-
graphic structure of the implanted substrate will affect the damage as well. We used 
the Monte Carlo ion beam implantation simulator code  TRIM  ( Transport of Ion in 
Matter ) [ 17 ] to simulate Ga +  beam implantation into GaAs for different accelerating 
voltages (10 kV, 20 kV and 30 kV). The angle of incidence was 0°, so that the ion 
beam was perpendicular to the surface. Each simulation was for an ion dose of 

  Fig. 11.3    AFM images captured in tapping mode before ( a ,  c ) and after ( b ,  d ) overgrowth. The fi eld 
of view is 10 μm and the sampling resolution is 10 nm, ( a ) shows the Ga +  implantation created hill-
ock features, while in ( c ) it created tiny holes. Both patterns successfully triggered nucleation of 
QDs, as ( b ) and ( d ) demonstrate. The patterning parameters are ( a ), ( b ) 20 keV ion energy, 5pA ion 
probe current, 5 ms dwell time and ( c ,  d ) 30 keV ion energy, 20pA ion probe current, 5 ms dwell time       
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10,000. Material re-sputtering was not considered. The simulation results are 
shown in Fig.  11.4 .

   The aim of this simulation is to show the infl uence of different acceleration 
 voltages.The simulation indicates that a higher accelerating voltage will produce a 
larger damage volume inside the substrate, with the ions spreading wider laterally 
and penetrating deeper into GaAs. The  SRIM  ( Stopping Range of Ion in Matter ) 
simulation yields the relationship between the projected range and the ion energy 
from 10 keV to 30 keV, as listed in Table  11.1 . This simulation is useful for choos-
ing the later annealing and overgrowth process parameters, as it indicates how much 
surface layer can be removed without eliminating ion implantation-affected areas.

   Corresponding to different combinations of accelerating voltage and ion dose, 
there are three types of damage at impact which we can distinguish according to 
their infl uence on later overgrowth, as sketched in Fig.  11.5 . From left to right, the 
focused ion beam-induced damage is increasing. If the ion beam energy or dose is 
relatively low, the implanted Ga +  ions create very low sputtering, and most of them 
will be implanted underneath the top surface, leading to hillock formation at the 
implanted region due to swelling of the lattice. Later annealing may completely 
repair the surface and fl atten it, but residual infl uence from Ga +  may still remain in 
the form of point and lattice defects formed at a certain depth beneath the surface, 
as in the case of ion implantation for doping. Slightly increasing the ion beam 
energy or dose, the ion beam will signifi cantly damage the exposed region, fi rst 
creating an amorphous surface layer. The damage region will be partially repaired 

   Table 11.1    Ion energy vs. damage area size from SRIM   

 Ion energy (keV)  Projected range (nm)  Longitudinal straggling (nm)  Lateral straggling (nm) 

 10  8.0  5.1  3.6 
 15  10.5  6.4  4.6 
 20  12.9  7.6  7.6 
 25  15.2  8.8  8.8 
 30  17.4  9.9  7.2 

  Fig. 11.4    TRIM simulation for Ga +  implantation into GaAs with different acceleration voltages 
(10 keV, 20 keV and 30 keV, from  left  to  right ). The FIB strikes from above. The fi elds of view are 
100 nm × 100 nm       
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by subsequent annealing, but will not completely heal. A rough surface is expected 
to infl uence later overgrowth signifi cantly, as shown in the middle part of Fig.  11.5 . 
When the ion beam has both high energy and ion dose, it will sputter out material 
rapidly and eventually form a large and deep hole (diameter > 30 nm, depth 
>> 50 nm) at the patterned position. It should be noted here that once a hemispheri-
cal hole has been sputtered out, Ga +  ions will hit its sides under a shallower angle 
than the bottom, which means the sputtering rate at the side walls will be much 
lower than at the bottom of the holes, and the holes will thus extend preferentially 
in depth, creating holes of very high aspect ratios and almost vertical side walls 
[ 18 ]. Such holes remain almost the same after annealing and will affect the over-
growth in ways different from the other two before-mentioned mechanisms, as the 
surface is strongly corrugated and the side walls of the holes can form various facets 
with respect to the [001] surface normal.

   Different types of damage result in different nucleation geometries of QDs, as 
captured by both AFM and SEM and shown in Fig.  11.6 . The fabricated patterns 
have distinctly different forms.

   After growth, from the images captured, we clearly found InGaAs was more 
likely to nucleate within the ion beam-patterned area. Structures formed at the pat-
terned locations fell qualitatively into three classes: islands, rings or deep holes. 
Islands were mainly found in the regions previously scanned by FIB with short 
dwell times and low probe currents (<10 3  ions/spot [ 19 ,  20 ]) where the ion beam 
implantation produced only very shallow holes or even hillocks rather than holes. 
When the dwell times and probe currents were increased, the ion beam produced 
deeper holes during patterning, and the material deposited during overgrowth 

  Fig. 11.5    Patterning a GaAs substrate by FIB under different conditions, with ion beam energy 
and/or dose increasing from  left  to  right , leading to lattice swelling by ion implantation ( left ), 
amorphisation ( centre ) and fi nally sputtering ( right )       
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nucleated preferentially in the form of rings surrounding the edges of the patterned 
rather shallow and amorphous depressions. When dwell times and probe currents 
increased further, the drilled holes became too deep to be repaired by annealing and 
remained after overgrowth, surrounded by mounds that could form rings only if 
clearly separated laterally, as shown below in Fig.  11.6c . In regions not patterned by 
FIB, QD nucleation was random and generally less likely (Fig.  11.7  and Table  11.2 ).

    The following investigation is focused only on islands, fabricated by MBE 
overgrowth of low-dose FIB-patterned GaAs. We have determined the relationship 
between the dimensions of islands and the FIB parameters. The data include the 
diameter of the drilled holes before overgrowth, the heights and diameters of the 

  Fig. 11.6    Three distinct types of In(Ga)As nucleation geometries with increasing ion dose from 
 left  to  right : islands ( a ), rings ( b ) and deep holes ( c )       

  Fig. 11.7    FIB patterns milled with short dwell times and small aperture sizes (low ion dose) pro-
duced islands. On the other hand, long dwell times and big aperture sizes (high ion dose) produced 
In(Ga)As rings or left only holes with some InGaAs nucleating preferentially at their edges. Most 
of the information has been collected from SEM       
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InGaAs islands, the pitch size of the arrays and the distribution homogeneity of the 
structures formed. The height and diameter of islands are measured by analysing 
AFM images as shown schematically in Fig.  11.8 . The measurements were col-
lected from four patterned areas and comprise data from three patterns formed at 
20 keV Ga +  ion energy and 5pA probe current with three different dwell times 
(1 ms, 5 ms and 20 ms), as well as from one pattern formed at 20 keV ion energy but 
with the probe current increased to 40pA at a dwell time of 1 ms. From Fig.  11.9a , 
it can be seen that the island heights are almost constant, covering a narrow range 
from 12 nm to 25 nm, with values slightly increasing with pitch. The diameter 
scales with the square root of the pitch, as can be seen from Fig.  11.9b , and is also 
increasing with the dwell time and probe current, which is not so obvious from the 
diagram. The result confi rms the possibility of controlling the nucleated quantum 
dot size. However, it is clearly diffi cult to create islands under 100 nm in diameter 
and below 10 nm in height, which will be a prerequisite for strong quantum confi ne-
ment effects in optical spectra. As the amount of deposited material per unit area is 
fi xed (1.5 ML InAs) and the volume of each island can be estimated as shown in 
Fig.  11.8c , the total volume of material being converted into dots per unit area 
( T = V  QD /pitch 2 ) can be used to determine the fraction of InAs located in QDs rather 
than in the wetting layer. More material being converted into dots means the FIB 
pattern has a stronger infl uence on the nucleation of the islands.

    For each test pattern, the ion beam parameter and gun alignment were kept fi xed. 
Each pattern contained 5 sub-patterns with different pitch sizes of 200, 250, 500, 
1,000 and 1,500 nm. This design helped us to analyse the relationship between the 
pitch sizes of the arrays and the distribution homogeneity of the structures formed, 
as shown in Table  11.3 . We evaluated each pattern of suffi cient signal-to-noise ratio 
with respect to two characteristics: the probability,  P   +  , of islands forming in 
unwanted positions (‘false positives’: islands formed outside the patterned sites) 

   Table 11.2    Parameters for producing InGaAs quantum dots   

 Aperture 
(Ion current) 

 #1 
(1.5 pA) 

 #2 
(4.0 pA) 

 #3 
(40 pA) 

 #5 
(40 pA) 

 20 keV 
 Dwell time (ms)  200  N/A  Dots  Holes/rings  Holes 

 100  N/A  Dots  Holes/rings  Holes/rings 
 20  N/A  Dots  Dots/holes  Dots/rings 
 5  N/A  Dots  Dots/holes  Dots 
 1  N/A  Dots  Dots/holes  Dots 

 30 keV 
 Dwell time (ms)  200  Dots/rings  Holes/rings  Holes/rings  Holes 

 100  Dots/holes  Holes/rings  Holes/rings  Holes 
 20  Dots/holes  Dots/holes  Holes/rings  Holes/rings 
 5  Dots/holes  Dots/holes  Dots/holes  Dots/holes 
 1  Dots  Dots  Dots  Dots 

  The 20 keV FIB with probe current 1.5pA produced a signal-to-noise ratio too low for evaluation, 
and this column is marked as N/A in the table  
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and the probability,  P   −  , of islands not having formed at patterned sites (‘false nega-
tives’: islands missing at patterned sites). The results show that only patterns with a 
pitch of ≤500 nm create acceptable QD arrays with less than 3 % nucleation of 
islands outside the pattern and less than 3 % of islands missing at the patterned sites. 
This result agrees with Hull’s study on the distribution control of SiGe QDs grown 
on patterned silicon [ 20 ]. In general, the failure rates  P   +   and  P   −   increase with ion 
dose, as shown in Fig.  11.10  ,  which again confi rms that low ion dose patterns create 
more perfect arrays of smaller islands that are more appropriate for optoelectronic 
applications.    Generally,  P   +   >  P   −  , i.e. it is much more likely that additional islands 

  Fig. 11.8    The size of quantum dots is measured by analysing AFM images. The heights are mea-
sured as peak heights above background and the diameters are measured as the full widths at half 
maximum (FWHM). The volume,  V  QD  ,  of quantum dots is then calculated from their diameter, d, 
and height, h, assuming the geometry of a spherical cap as sketched in  c ).  T  =  V  QD / p  2 , where p is the 
pitch of the array (i.e. distance between the QDs), then describes the average effective thickness of 
the QD material deposited       
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  Fig. 11.9    Plots of height ( a ) and diameter ( b ) of islands nucleated from four different FIB patterns 
at 20 keV       

   Table 11.3    Statistical distribution of islands in patterned areas for one set of parameters   

 20 keV ion energy, 4pA probe current and 5 ms dwell time 
 Pitch [nm]  1,500  1,000  500  250  200 
  P   −   [%]  6  7  3  <0.1  <0.1 
  P   +   [%]  67  18  2  0.3  0.4 

  This pattern was created with fi xed ion beam and column alignment, and it contained fi ve arrays 
with different pitches  

 

11 Controlled Quantum Dot Formation on Focused Ion…



310

form off patterned sites than islands are missing at patterned sites. There is also the 
possibility of nucleating multiple QDs on the same specifi c site. The number of 
QDs formed per site depends on the geometry of the patterned feature and the 
overgrowth temperature [ 12 ,  21 ].

11.4         μ-Photoluminescence Investigation 

 Micro-photoluminescence (μ-PL) studies were performed at room temperature after 
overgrowth and SEM and AFM imaging. The exciting laser (green) had a diameter 
of ~5 μm, a wavelength of 532 nm and 1–2 mW power. μ-PL measurements were 
performed scanning the laser beam along a straight line from positions outside the 
patterns, where QDs had randomly nucleated on the surface, across the entire pat-
terned area with a step size of 5 μm, as shown in Fig.  11.11a . The spectra are not as 
sharp as expected [ 22 ]. There are two rather broad peaks in the spectra at ~878 nm 
(1.41 eV) and ~1,152 nm (1.08 eV). They are related to the underlying GaAs sub-
strate and the InGaAs QD signal. From the latter peak wavelength, we can estimate 
the compositional ratio of Ga:In atoms as 74:26 (i.e. In 0.26 Ga 0.74 As), assuming 
Vegard’s law for bulk materials can be applied here as well [ 2 ]. The FIB-patterned 
area shows higher signals for both peaks, where the signal from the GaAs substrate 
increases more rapidly. The enhanced optical contributions from both the pure 

  Fig. 11.10    Comparison of two types of island nucleation defects. P +  describes the fraction of 
islands nucleated off patterned sites, P  −   the fraction of islands having failed to nucleate at patterned 
sites       
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  Fig. 11.11    SEM image of array investigated by μ-PL. Scan started ~15 μm away from patterned 
regions and moved 40 μm across the patterned area ( a ). Set of experimental μ-PL spectra ( b ). The 
intensities at two wavelengths, 878 nm (GaAs) and 1,152 nm (InGaAs), were extracted at each 
scan position ( c )         
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GaAs and the InGaAs islands may be explained by indium atoms from the wetting 
layer formed upon epitaxy having been more effi ciently integrated into the islands 
when the surface has previously been FIB patterned, confi rming the formation 
of QDs.

11.5        Conclusion 

 It has been clearly proven that FIB patterning of a GaAs substrate infl uences the 
nucleation of InGaAs islands which form QDs. The technique can be used to fabri-
cate regular QD arrays if the patterning ion beam can be adjusted to a low ion dose. 
With this technique we gain control of the location, size and distribution of QDs 
formed.     
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Patterning techniques are very important in many areas of modern science and 
technology including applications. Production of micro- and nano-sized periodical 
structures has been intensively studied in the last years in order to generate one-, 
two-, and three-dimensional periodical structures in metals, polymers, and ceramics. 
The process of patterning commonly involves many individual steps before obtain-
ing the desired structure. In general, a pattering method consists of the following 
elements: formation of a mask or muster, choice of transfer medium or replications 
of patterns, and choice of resist, which is usually a functional material capable of 
serving as the resist. Metallic glass is one of the promising materials for such a pur-
pose. Recently, glassy alloys attracted much attention as imprinting materials 
because they soften on heating similar to polymers, but on subsequent cooling retain 
high hardness at room temperature and demonstrate good corrosion resistance [1].  
It has been reported that a three-dimensional structure with several tens or hundreds 
of nanometer in characteristic length scale could be prepared using Pt-, Zr-, Au-based 
glassy alloy ribbon and Zr-based glassy alloy in bulk form [2–5] or in a thin film 
form [6]. In the present chapter we discuss usage of metallic glasses for nanoim-
printing and other similar processes.
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12.1  Metallic Glasses as Materials for Nanoimprinting

Nanoimprint technology is a promising method of mass production of micro- and 
nanodevices producing a high-quality product at relatively low cost [7]. Metallic 
glasses are the most promising metallic materials used for thermal nanoimprinting 
because of their amorphous structure and nanometer-scale homogeneity. They have 
excellent mechanical properties and material functionalities such as high corrosion 
resistance and desirable magnetic properties. Thermoplastic materials, especially 
metallic glasses, are used for nanoimprinting owing to their rapid decrease in vis-
cosity above the glass transition temperature (Tg). For example, Fig. 12.1 shows the 
DSC traces of the Cu36Zr48Al8Ag8 bulk glassy sample and the viscosity data calcu-
lated using thermomechanical analysis (TMA) traces from the deformation of the 
sample as a function of temperature. The viscosity (η) was calculated from normal 
stress (σn) and strain rate using the following equation: η = σn/3 [8]. The viscosity 
changes about 1.5 orders of magnitude within the supercooled liquid region when 
the glass transition is complete. The dotted line is an extrapolation which predicts 
that the viscosity should reach about 1012 Pa·s in the beginning of the glass transi-
tion on heating.

Metallic glasses exhibit perfect Newtonian viscous flow in the supercooled liq-
uid temperature region above Tg and below the crystallization temperature (Tx) 
(Fig. 12.2) and demonstrate excellent micro- and nanoformability under low stress 
[1, 10, 11]. Here, it should be pointed out that both temperatures Tg and Tx are not 
constant but depend on the heating rate and keeping time [12, 13] (Fig. 12.2).

Bulk metallic glasses can be shaped by application of electrical current [14]. 
Shaping of bulk metallic glasses (BMG) and BMG-based composites into various 
complex forms has been achieved by an electromechanical process. Bulk metallic 
glasses having large supercooled region between the glass transition temperature Tg 
and the crystallization temperature Tx up to 1–1.5 hundred degrees were utilized for 
this purpose. In this range, the supercooled liquid in principal deforms in a 
Newtonian way, allowing thermomechanical shaping in the low viscosity range. 
Electromechanical shaping technology allows rapid shaping of BMGs at low 
applied stresses. It allows eliminating the effect of the thermal mass of the furnace 
and not heating the deformation dies. Joule heating is efficiently used owing to the 
high electrical resistivity of bulk metallic glasses. The crosses and other mechani-
cally resistant complex forms were achieved from two amorphous rods or an amor-
phous rod and a crystalline bar.

Various physical and chemical coating techniques have been investigated for the 
deposition of thin films. The physical methods include ion beam sputtering [15], 
RF magnetron sputtering [16], DC magnetron sputtering [17], and pulsed laser 
deposition (PLD) [18]. Laser interference metallurgy is a new method for periodic 
surface microstructure design on multilayered metallic thin films [19]. Chemical 
methods include chemical vapor deposition (CVD) [20] and chemical solution 
deposition (CSD) [21]. Metallic glasses can be produced by sputtering, melt spin-
ning, casting, etc.
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12.2  Fabrication of the Molds and Nanoimprinting

A pressing die must be prepared if a nanoscale pattern is going to be made on the 
surface of a metallic glassy material by an imprinting technology. Fabrication of 
micro- and nanometer-scale dies was carried out by electron beam lithography, 
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Fig. 12.1 Viscosity of a Cu36Zr48Al8Ag8 glassy alloy as a function of temperature derived from the 
sample length change at the heating rate of 5 K/min (0.083 K/s) and 40 K/min (0.667 K/s) (blue 
curve). DSC trace is given for comparison (black curve). The DSC data below 710 K at 5 K/min 
were multiplied by 10 and shifted up for better visibility of the glass transition region. Reprinted 
from [9] with permission of Elsevier. © (2010) Elsevier

12 Development of Functional Metallic Glassy Materials by FIB and Nanoimprint…



318

electrolytic etching of silicon [22], UV-LIGA process [23], laser machining of poly-
imide film [24], and milling of various materials with a focused ion beam (FIB) 
[25]. For example, nano-dies having periodic structures, with dot pitches of 50 nm 
and 40 nm fabricated by FIB-assisted chemical vapor deposition (CVD) and reac-
tive ion etching (RIE) of SiO2, were used to perform nanoimprinting on Pt-based 
metallic glass [26]. Superior formability and nano-imprintability were shown using 
metallic glasses.

Nanoimprint lithography process consists of the following steps (Fig. 12.3). The 
first stage is preparation of the mold. It could be a Si wafer mold patterned using 
lithography and ion etching process. The second is the imprint process in which a 
mold with a nanostructure on its surface is pressed into a metallic glassy material, 
followed by removal of the mold. This step duplicates the nanostructures on the 
mold in the metallic glass. The metallic glass viscosity decreases as the temperature 
increases. During the imprint step, the metallic glass is heated to a temperature 
above its glass transition temperature but below Tx, the glass becomes a viscous 
liquid, can flow and, therefore, can be readily deformed into the shape of the mold. 
The mold creates a thickness variation pattern on the metallic glassy surface. In 
some cases reactive ion etching is used to remove the residual material in the com-
pressed area. This process transfers the thickness variation pattern into the entire 
sample. Unlike conventional lithography methods, imprint lithography itself does 
not utilize expensive beam-current techniques. On cooling metallic glass becomes 
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strong and solid again and can further be used as a die for other materials which 
soften at lower temperature.

In order to fabricate molds with concave nanohole arrays, Pt masks of crossed- 
line (lattice) patterns were deposited on SiO2/Si substrates by a dual-beam FIB- 
CVD system with a Ga- ion beam at an accelerating voltage of 30 kV, and nanohole 
arrays were fabricated by RIE of the SiO2 layer with CHF3 plasma [27]. The precur-
sor gas [methylcyclopentadienyl trimethyl platinum, (CH3)3(CH3C5H4)Pt] was pre-
heated at 325 K and sprayed on the substrate through a fine nozzle heated at 403 K. 
The Pt was deposited on the substrate by decomposition of the gas molecules during 
ion beam irradiation in a vacuum atmosphere. The main Pt-deposition parameters 
are the ion beam current (IBC), dwell/irradiation time (td), and the number of scans 
(Ns). The beam diameter, deposition rate, and deposition area increase with increas-
ing IBC. Therefore, a very low IBC of 0.3 pA corresponding to 10 nm in theoretical 
beam diameter was used for patterning the Pt mask on a nanometer scale. The depo-
sition parameters of td and Ns influenced the cross-sectional profile of the mask 
patterns. The resulted line profiles were observed by SEM and measured by atomic 
force microscopy. Figure 12.4 shows an SEM microphotograph of a periodic line 
pattern of deposited Pt.

SiO2 layer was treated by using a reactive ion etching apparatus. Figure 12.4b–f 
present the results of reactive ion etching of the periodic line pattern with a 25-nm 
pitch at radio frequency (RF) power values of (b) 5, (c) 50, (d) 100, and (e) and (f) 
300 W under a pressure of 0.1 Pa. The etching depth of SiO2 was set at 50 nm for 
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Fig. 12.3 Schematic 
illustration of the imprinting 
process. (a) initial stage,  
(b) imprinting, (c) removal  
of the die
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each etching condition. The gaps between adjacent lines were not etched at low RF 
power conditions (Fig. 12.4b), whereas the clearest etching result was obtained at 
the highest RF power of 300 W (Fig. 12.4e). The minimum line width was 8 nm 
(Fig. 12.4f). The ion sputtering effects must be increased to fabricate periodic line 
pattern with a 25-nm pitch. The width and thickness of the line mask were increased 
by stacking at the crossing points and that nanohole arrays with pitches of 25 nm or 
less are therefore difficult to fabricate.

The surface quality of the metallic glassy deposited samples is an important fea-
ture and has to be taken into consideration if the sample is going to be applied as a 
nanoimprinting material. A successful preparation of Pd–Cu–Ni–P glassy alloy thin 
film using the pulsed laser deposition (PLD) method was reported recently [28]. 
The surface is relatively flat and smooth with an exception of some droplets and no 
distinct pore is seen. At high magnification, the surface structure appears to be gran-
ular. The average (Ra) and maximum (Ry) roughness values for such regions evalu-
ated by AFM measurements are 0.11 ± 0.02 nm and 1.3 ± 0.4 nm, respectively. To 
confirm the oxidization resistance, the surface roughness was measured after 1 year 

Fig. 12.4 SEM microphotographs of (a) the deposited Pt mask of periodic line pattern with a 
25-nm pitch on a SiO2/Si substrate formed by FIB-CVD, and RIE of SiO2 layer at RF powers of 
(b) 5, (c) 50, (d) 100, and (e, f) 300 W under a pressure of 0.1 Pa. Reproduced from [27] with 
permission of Japan Society of Applied Physics. © (2012) Japan Society of Applied Physics
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of deposition of the thin film. Even being exposed to the air, the surface roughness 
was not changed. It indicates that the Pd–Cu–Ni–P glassy alloy exhibits a high oxi-
dization resistance even in the thin film state. The results on thermal imprinting test 
presented as shown in Fig. 12.5 revealed that the obtained Pd–Cu–Ni–P glassy alloy 
thin film has excellent nano-imprintability. After 10 s, the periodic dot pattern of the 
mold was precisely imprinted on the surface of the as-deposited film. Such a short 
production time is valuable for mass production. In addition, high oxidization resis-
tance and high hardness lead to stable surface morphology. Consequently, it is con-
cluded that the Pd-based glassy alloy thin film has excellent fundamental properties 
and nano-imprintability which exhibits potential for application of imprinting mate-
rials for fabricating bit patterned media.

Other metallic glasses also have a smooth surface and soften on heating about Tg 
which allows creation of micron and nanoscale patterns on their surfaces by mold-
ing [2, 29, 30]. Nanoimprinting on the surface of the Pt60Ni15P25 metallic glass was 
carried out by using the DLC/Al2O3 molds. This Pt-based metallic glass exhibits 
Newtonian viscous flow in the supercooled liquid temperature range of ΔTx = 63 K 
between Tg = 482 K and Tx = 545 K [31]. The Pt-based metallic glass specimen, of 
about 30 μm in thickness, was fabricated by a melt spinning method. Two kinds of 
straining behavior occur under compressive stress: specimen thickness reduction as 
a macroscopic deformation and local deformation near the specimen surface associ-
ated with nanoimprinting behavior. The Al2O3 substrate was mechanically and 
chemically polished and then subjected to a superplastic forming at 520 K for 30 s 
under a compressive stress of 140 MPa. Nanoimprinting was performed at 530 K 
for 15 s under a compressive stress of 50 MPa. After cooling down to room tempera-
ture, the mold could be released easily from the metallic glass. Figure 12.6 presents 
SEM microphotographs of the nanoimprinted surface of a metallic glass specimen 
obtained by using a mold with nanodot arrays with pitches of 33 and 25 nm. Concave 
arrays of nanoscale hole are observed on the surface of the specimen, and the repli-
cated hole arrays precisely correspond to the nanodot shape of the mold. The depth 
of the nanoholes is below 10 nm. The wetting behavior, surface tension, and 

Fig. 12.5 FE–SEM surface 
image of the Pd–Cu–Ni–P 
glassy alloy thin film in the 
as-imprinted state. 
Reproduced from [28] J. 
Non-Cryst. Solids with 
permission of Elsevier.  
© (2010) Elsevier

12 Development of Functional Metallic Glassy Materials by FIB and Nanoimprint…



322

viscosity significantly influence the nanoformability of metallic glass at an ultrafine 
scale.

A technique for fabricating nanostructures by nanoforging using super fluidity of 
metallic glass in the supercooled liquid state was created by using nanoscale dies 
that are fabricated by a focused ion beam (FIB) technique [32]. FIB machining of 
Zr-based metallic glass is useful for fabricating nanoscale dies because of the iso-
tropic homogeneity in the amorphous phase. These dies were used to nano-forge the 
samples of Pt48.75Pd 9.75Cu19.5P22 metallic glass (Fig. 12.7). The thin foil specimens 
were heated in a small furnace and compressively loaded in a small vacuum cham-
ber. A die-forged microgear and periodic nanostructures for optical applications 
were produced [32].

By using the low viscosity and good wetting properties of the supercooled liquid, 
different structures were obtained on the surface of Pd40Ni40Si4P16 metallic glass as 
presented in Fig. 12.8. The structures shown in Fig. 12.8c and d were formed using 
the Si molds shown in Fig. 12.8a, b. Complicated structures could also be formed as 
shown in Fig. 12.8e,f, indicating that this metallic glass is another good candidate 
material for imprinting. Figure 12.8g, h shows the porous alumina and the trans-
ferred nanoscale rods with diameters of about 100 nm on the surface of the 
Pd40Ni40Si4P16 alloy, respectively [34].

Fig. 12.6 SEM microphotographs of nanoimprinted surfaces of Pt60Ni15P25 metallic glass by using 
DLC molds with dot pitches of (a, b) 33 and (c, d) 25 nm. (a) and (c) are front views; (b) and  
(d) are tilted views by 45°. Reprinted from [27] with permission of Japan Society of Applied 
Physics. © (2012) Japan Society of Applied Physics
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12.3  Near-Net-Shaped Casting

Near-net-shaped casting is used to fabricate castings of BMGs [35]. For example, 
die-cast BMG was used to fabricate a watch case [36]. A three-dimensional net- 
shaped microgear was successfully prepared by the precision die-casting technique 
(Fig. 12.9a). The alloy was melted in the ceramic sleeve using a high-frequency 
induction heating and injected into the mold by moving both the plunger and the 
sleeve. The temperature of the molten alloy was monitored using a radiation ther-
mometer and fed back by a PID controller. The process was performed in a vacuum 
of 10−2 Pa. The maximum plunger speed and injection pressure were 3.0 m/s and 
30 MPa, respectively. The as-cast microgear made of BMG has a glassy state in the 
injection temperature range from 1,300 to 1,690 K. Owing to good surface quality 
and high wear resistance [37], Ni53Nb20Zr8Ti10Co6Cu3 bulk glassy alloy was also 
used to cast a microgear (Fig. 12.9b). The glass transition temperature, crystalliza-
tion temperature, and supercooled liquid region (ΔTx) are 842 K, 893 K, and 51 K, 
respectively. The heat of crystallization for a Ni-based microgear was found to be 
equal to that for the melt-spun ribbon, and the DSC traces were consistent with the 
XRD data. A microscale bearing made of Ni53Nb20Zr8Ti10Co6Cu3 glassy alloy 
showed an excellent durability and wear resistance [38]. The durability of Ni-based 
glassy alloy micro gears is about 300 times longer compared to a steel gear [39].

Fig. 12.7 SEM microphotographs of dies having nanodot arrays with pitches of (a) 50 nm and  
(b) 40 nm. (c) and (d) are the nanoimprinted surfaces of the Pt48.75Pd 9.75Cu19.5P22 metallic glass 
using the dies of (a) and (b), respectively. Reprinted from [33] with permission of Japan Institute 
of Metals and Materials. © (2011) Japan Institute of Metals and Materials
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A Zr-based BMG was also prepared by the precision die-casting technique and 
exhibited excellent dimensional accuracy on the micrometer scale. BMGs were also 
applied for optical precision devices [40].

Fig. 12.8 (a and b) are Si molds, (c–f) are the patterns fabricated with Si molds, (g) is porous 
alumina, and (h) is the corresponding nano rods fabricated with the porous alumina (g). All the 
above structures are obtained using molding on the Pd40Ni40Si4P16 glassy ribbons. Reprinted from 
[34] with permission of Springer © (2011) Springer

A. Inoue et al.



325

12.4  Thermoplastic Forming for MEMs

Microelectromechanical systems (MEMS) devices become more and more incorpo-
rated in humans daily life. MEMS have found their application in many diverse 
areas. Injection molding is a long-established process for the manufacture of com-
ponents, of sizes in a wide range. There is a growing market for components for 
micro-engineering applications or for multiscale components. MEMS materials 
have two major requirements. The material characteristics must be exploitable on a 
microscopic scale instead of the conventional macroscopic scale, and the forming, 
processing, and machining methods should be available for these materials. The 
micro-shape creation method includes complex processes. To make MEMS ele-
ments, especially structural elements, suitable materials and micro-machining tech-
nology must be developed. From the viewpoint of production engineering, plastic 
forming processes offer a significant advantage in productivity and enable mass 
production with controlled quality and low cost. In the forming process, the rela-
tionship between the die and the material is based on the difference in the strength 
of the materials. From this point of view, superplastic materials and glassy alloys in 
the supercooled liquid state have a great advantage in achieving deformation under 
very low stresses compared to conventional plastic deformation.

A backward extrusion machine was developed and employed to fabricate micro-
gears. It is known that superplasticity allows achieving large elongation under rela-
tively low stresses. The material exhibits a strain rate dependence on applied stresses, 
and the relationship between stress and strain rate is represented by equation σ = ke′m 
of deformation under high temperatures. For superplastic alloys the strain rate sensi-
tivity exponent m ≥ 0.5. Similar characteristic deformation behavior is found in 
La-Al-Ni glassy alloy showed m = 1. This alloy was extruded at 490 K and microgear 
parts with high surface quality were successfully produced (Fig. 12.10).

Fig. 12.9 (a) Schematic illustration of the precision die-casting equipment. (b) SEM microphoto-
graphs of the extruded Ni-based glassy microgear prepared by the precision die-casting technique. 
Reprinted from [41] with permission of Japan Institute of Metals and Materials. © (2004) Japan 
Institute of Metals and Materials
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Thus, high-strength microgear shafts of 10–50 μm in size were extruded. It is 
found that upon the micro-extrusion, the tool surface roughness and lubrication con-
ditions influence the forming behavior.

12.5  Magnetic Storage Devices

The capacity of data storage devices has increased greatly in recent years together 
with society’s increased demand on storage of digital information. It is necessary to 
enhance the storage density of the magnetic storage devices used in hard disk drives 
(HDDs) as well. Current commercialized HDDs with a perpendicular magnetic 
recording method have areal recording densities of several hundred Gbit/in2. 
However, the current recording method apparently cannot exceed an areal recording 
density of 1 Tbit/in2 because of thermal instability phenomena connected with 
superparamagnetism [43]. The bit patterned media may help to overcome this obsta-
cle [44, 45]. In bit patterned media, informational data are recorded in single isolated 
hard magnetic bits (islands) placed in a nonmagnetic materials. At an areal recording 
density of 2 Tbit/in2, the dot pitch (Lp) of the magnetic bits is 18 nm. In order to 
produce bit patterned media, the ultrafine dot array is determined by nanopatterning 
techniques such as self-assembly with a block copolymer [46], electron beam (EB) 
lithography [47, 48], extreme ultra violet lithography, [49], and nanoimprint lithog-
raphy [50]. Nanoimprinting is also a promising fabrication method for high effi-
ciency and low-cost mass production of bit patterned media [51].

Recently, substantial research activities took place towards fabrication of molds 
for producing bit patterned media. The self-assembly techniques produce nanodot 
arrays with a sufficient resolution for bit patterned media. However, the position 
accuracy and dot shape uniformity issues remain unsolved [52]. Conventional elec-
tron beam lithography is often used for fabricating molds with ultrafine nanodot 
arrays. This method produces highly accurate dot arrays of Lp = 18 nm on resist 

Fig. 12.10 SEM microphotographs of the extruded microgear shafts made of La55Al25Ni20 amor-
phous alloy. Reprinted from [42] with permission of Elsevier. © (2001) Elsevier
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materials owing to beam scanning controllability [53]. However, it is difficult to 
transfer the pattern to mold materials such as Si and SiO2 because of the low etching 
stability on resist materials [54].

In Ref. [55] a focused ion beam-assisted chemical vapor deposition (FIB-CVD) 
technique was adopted [56] for patterning a platinum (Pt) etching mask with 
nanodot arrays. A mold with Lp = 25 nm was produced by diamond-like carbon by 
reactive ion etching (RIE) with oxygen plasma, confirming that FIB-CVD enables 
direct patterning of a metallic etching mask on the mold material. FIB-CVD and 
RIE offer a much simpler nanofabrication process than EB lithography. The depos-
ited metallic mask achieves a higher selectivity than polymer resist materials pro-
duced by the reactive ion etching process. The resolution of FIB mask patterning is 
determined primarily by the distribution of the Pt etching mask, which is deposited 
by dissolving a precursor gas by secondary electrons emitted by ion irradiation. For 
a Ga + ion beam with an acceleration voltage of 30 kV, the areas of Pt deposition are 
30–40 nm in radius. Although, a 25-nm pitch pattern was successfully formed in our 
previous study, an 18-nm pitch pattern was difficult to fabricate because adjacent 
dots in the Pt mask connected with each other. Thus, one of the purposes of this 
study is to investigate the feasibility of fabricating a mold at Lp = 18 nm by FIB- 
CVD and reactive ion etching.

A dual-beam FIB apparatus with a Ga ion beam at an accelerating voltage of 
30 kV and a minimum ion beam diameter of 5 nm was used for the FIB-CVD 
experiments. The precursor gas [methylcyclopentadienyl trimethyl platinum, 
(CH3)3(CH3C5H4)Pt] was preheated at 325 K in the reservoir and sprayed on the 
substrate through a fine nozzle heated to 403 K. The adsorbed precursor molecules 
on the substrate were dissolved by emitted secondary electrons, and only Pt was 
deposited on the surface. Pt mask patterning was performed on 50-nm-thick silicon 
dioxide on a single-crystal silicon (SiO2/Si) substrate. FIB irradiation was con-
ducted at a beam current of 0.3 pA. The spot drawing mode was used on FIB scan-
ning. The number of beam scans Ns was fixed. The surface morphology of the 
deposited Pt mask was observed by an atomic force microscopy (AFM) and a field 
emission scanning electron microscopy (SEM) with a low accelerating voltage.

Figure 12.11a, b show a cross-sectional microphotograph of the Pt-deposited 
SiO2/Si substrate with Lp = 33 nm [57]. Pt was found to exist at a depth of about 
20 nm under the SiO2 surface near the center of the irradiation point. In the spot 
drawing mode in FIB-CVD, a nanoscale hole structure is generated at the central 
part of the irradiation point by the FIB sputtering effect. Therefore, Pt was deposited 
in the concave nanoscale holes generated by FIB sputtering at almost the same time 
as the nanoscale hole was produced. Figure 12.11c shows an AFM image and the 
profile of the deposited Pt on the SiO2 surface at Lp = 200 nm. A concave profile was 
also observed at the central irradiation point, as in Fig. 12.11a. The areas of depos-
ited Pt are 30–40 nm in radius.

For the pattern with Lp = 18 nm, the adjacent dots are expected to connect. 
Figure 12.12a shows a secondary electrons SE image of a top view of the Pt depos-
ited on SiO2/Si substrate at Lp = 18 nm. A nanoscale dot array was not observed on 
the SiO2 surface. However, the patterned nanoscale dot array can be seen in the 
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Fig. 12.11 (a and b) SEM microphotographs of the cross section of Pt-deposited SiO2/Si substrate 
with a dot pitch (Lp) of 33 nm. (c) AFM image and cross-sectional profile of the deposited Pt  
on SiO2. Reprinted from [57] with permission of American Vacuum Society. © (2012) American 
Vacuum Society
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backscattered/reflected electrons RE image, as shown on the upper right of 
Fig. 12.12a. Figure 12.12b shows an RE image of the cross section of the specimen; 
the nanoscale dots were observed in the superficial layer of deposited Pt.

Figure 12.12e shows a schematic illustration of the Pt deposited on SiO2/Si sub-
strate structure. An adjacent nanohole becomes filled by deposited Pt during the 
subsequent beam drawing and is covered with overspread Pt; thus, we could not 
obtain an 18-nm pitch resolution. However, Pt was also deposited in each nanohole 
generated by FIB sputtering. It seems that isolated nanodots should be obtained by 
removing only the superficial layer of the deposited Pt (Fig. 12.12e). Figure 12.12c 
shows a SEM microphotograph of the etched surface of SiO2; an isolated Pt dot 
array at Lp = 18 nm was obviously observed on the specimen’s surface. Pt dots 
appeared in each nanohole in the SiO2 in a cross-sectional image (Fig. 12.12d), 

Fig. 12.12 Pt mask patterning of nanodot array at Lp = 18 nm. (a) SE and RE images of top  
view of patterned specimen. (b) Cross-sectional RE image of Pt deposited on SiO2/Si substrate in 
(a). (c) Result of Ar plasma etching of Pt-deposited SiO2/Si substrate at Lp = 18 nm. (d) Cross-
sectional RE image of substrate in (c). (e) Schematic illustration of Pt mask-patterned SiO2/Si 
substrate at Lp = 18 nm in spot mode of FIB. Reprinted from [57] with permission of American 
Vacuum Society. © (2012) American Vacuum Society
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which suggests that the obtained Pt nanodot array can be used as an etching mask to 
develop a mold.

Figure 12.13a–c show SEM microphotographs of patterned substrates at 
Lp = 18 nm after heat treatment at temperatures of 973, 1,073, and 1,173 K. Each Pt 
particle aggregated into a more spherical shape than before heat treatment 
(Fig. 12.13c).

In addition, histograms of Lp are depicted at the right side of each SEM image, 
and the number of data (N) and standard deviation (σp) in the Lp are also presented. 
Lp was measured from the oval center coordinates of each Pt particle using image 
analysis software and the SEM images in Fig. 12.13a–c. Lp exhibited a normal dis-
tribution around the value of 18 nm, but σp increased with increasing temperature. 
Figure 12.13d presents the effects of the temperature on σp and the Pt dot circularity 
(Db/Da), which was estimated from the ratio of the major (Da) and minor (Db) axes 
of an elliptical shape fitted by the image analysis software. The measured values 
before heating (after Ar sputter etching) are also plotted for comparison. The circu-
larity improved with increasing heat treatment temperature, but σp increased expo-
nentially. There was a trade-off relationship between Db/Da and σp.

Figure 12.14a, b show cross-sectional RE images of patterned substrates at 
Lp = 18 nm that were heat treated at temperatures of 1,073 and 1,173 K, respectively. 
After treatment at 1,073 K, the Pt mask exhibited an orderly pattern located at regu-
lar intervals on the SiO2 surface, and a high-brightness layer was observed under-
neath the Pt mask to a depth of 20 nm. The main Pt mask on the SiO2 surface could 
be aggregated more easily at low temperatures of 973–1,073 K than the mixed Pt in 
the SiO2 layer.

The aggregation of the mixed Pt in the SiO2 progressed at a high temperature of 
1,173 K. At the same time, the Pt mask on the surface and particulate mixed Pt in 
SiO2 would be bound together. Consequently, the heating temperature is assumed to 
influence the three-dimensional position accuracy of the Pt mask. The heat treat-
ment temperature at 973 K produced a σp of 0.82 nm. Some Pt particles with a 5-nm 
diameter existed on the surface as well as underneath the main Pt mask. These Pt 
particles on the surface would impede the etching process in the early phase and 
increase the variation in the Pt mask diameter by clustering. An etch-back process 
with an Ar plasma to isolate Pt mask before heat treatment is essential for achieving 
a highly uniform mask. Figure 12.15a shows the fabricated results of Pt masks at 
Lp = 16–14 nm by FIB. These arrays were patterned on the same substrate. Ar plasma 
etching was conducted to remove the Pt surface layer. A small amount of Pt mask 
particles with diameters of 3–4 nm were observed on the surface in each Lp. The 
minimum obtained Lp was 14 nm. Figure 12.15b shows relation between Lp and the 
maximum dwell/irradiation time (td1) during formation of an isolated Pt mask. The 
limit of td1 decreased as Lp was reduced.

The relationship between Lp and the diameter (Dd) of Pt masks fabricated at td1 
is shown in Fig. 12.15b; the standard deviation (σp) in Dd is also presented as error 
range. Dd and σp were measured from the SEM images (Fig. 12.15a). Figure 12.15b, 
c reveal that Dd is associated with td1 and decreased with decreasing Lp. At 
Lp = 14 nm, the Dd values were less than 5 nm, which is equivalent to the minimum 
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Fig. 12.13 (a–c) SEM microphotographs and histograms of results of heat treatment of the Pt 
mask at Lp = 18 nm. Heating temperatures were (a) 973, (b) 1,073, and (c) 1,173 K. (d) Effects of 
heating temperature on circularity (Db/Da) and standard deviation of dot pitch (σp). Reprinted from 
[57] with permission of American Vacuum Society. © (2012) American Vacuum Society
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beam diameter in FIB. The values of σp were 1–2 nm regardless of Lp and Dd. The 
σp/Dd ratio is plotted on the secondary axis in Fig. 12.15c. σp/Dd ratio is inversely 
proportional to Lp.

The resolution limit depends primarily on the beam diameter associated with Ib, 
and finer resolution can be obtained by obtaining the balance between Pt deposition 
and SiO2 sputtering in spot mode of FIB. The reactive ion etching (RIE) experiment 
was performed using a mixed gas of trifluoromethane (CHF3) and oxygen. 
Figure 12.16a, b show SEM microphotographs of the mold with convex conical dots 
at Lp = 18 nm. The diameter of the retained Pt mask was 8 nm, and the dot height was 
34 nm. The fabricated dot shapes had a high aspect ratio of about 2 in this nanometer- 
scale structure. In the cross-sectional image (Fig. 12.16b), the patterned area was 
etched more deeply than the non-patterned area, and a gradual slope shape appeared 
in boundary of the patterned area. A slight irregularity in the shape of the SiO2 dot 
on the mold appears in Fig. 12.16b. The irregularity of the dot shape is expected to 
affect the quality of BPM associated with the imprinted hole shape. To fabricate 
BPM, hard magnetic materials, such as a Co/Pd multilayer, must be embedded in 
the imprinted holes on a nonmagnetic metallic glass. Therefore, the irregularity of 
the dot shape would ultimately affect the perpendicular magnetization of hard mag-
netic bits associated with the morphology of the Co/Pd multilayer. Suppressing the 
aggregation of Pt is preferable for obtaining highly uniform dot shapes. The aggre-
gating temperature of the main Pt masks differs from that of the mixed Pt particles 
owing to differences in the Pt concentration distribution and surrounding conditions. 
In the experiment Pt was distributed more uniformly at 1,073 K than at 1,173 K. 
Therefore, the irregularity of the etched dot shape would also increase with increas-
ing heating temperature as well as with the position accuracy of the main Pt mask.

Figure 12.16c–e show the results of etching with Lp = 16–12 nm. The RIE condi-
tions were the same at the case of Lp = 18 nm. No traces of the Pt mask remained on 

Fig. 12.14 Cross-sectional 
RE images of the heated 
substrates at (a) 1,073 K and 
(b) 1,173 K after forming Pt 
mask at Lp = 18 nm. Reprinted 
from [57] with permission of 
American Vacuum Society.  
© (2012) American Vacuum 
Society
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Fig. 12.15 Investigation of resolution limit of Pt mask patterning. (a) SEM microphotographs of 
fabricated Pt masks with Lp = 16–14 nm at td = 2–6 ms/dot. (b) Relationship between Lp and maxi-
mum dwell time (td1) during isolated Pt mask formation. (c) Dependence of Lp on Pt mask diameter 
(Dd) and its variation (σp). Reprinted from [57] with permission of American Vacuum Society.  
© (2012) American Vacuum Society
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top of the convex dots at Lp = 16 and 14 nm, and the dot shape was conical with a 
low aspect ratio compared to that at Lp = 18 nm. At Lp = 12 nm, no dot arrays were 
observed on the patterned area. The scale effect with increasing specific surface 
seemed to affect the etching stability of the Pt mask at Dd < 10 nm. The mixing den-
sity of Pt increased with decreasing Lp because the volume of beam irradiation per 
unit area also increased.

In comparison with other glassy alloys, Pd- and Pt-based glassy alloys [58] 
have attractive advantages such as extremely high thermal stability against 

Fig. 12.16 SEM microphotographs of fabricated SiO2/Si mold of nanodot array at Lp = (a) and  
(b) 18, (c) 16, (d) 14, and (e) 12 nm. (a) and (c–e) are tilted views, and (b) is a cross-sectional SE 
image of the specimen in (a). Reprinted from [57] with permission of American Vacuum Society. 
© (2012) American Vacuum Society
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crystallization, high oxidization resistance, and low chemical reactivity with 
imprinting molds made of SiO2, favorable for easy and precise pattern imprinting. 
Therefore, Pd-based glassy alloy thin film is a promising candidate to fabricate 
nanostructured surface pattern. Nanoimprinting was performed on the metallic 
glass using the fabricated mold. The prepared Pd39Cu29Ni13P19 metallic glass exhib-
ited Newtonian viscosity flow in the supercooled liquid temperature range 

Fig. 12.17 SEM microphotographs of surface of Pd-based metallic glass nanoimprinted by using 
the mold with nanodot array having 18-nm pitch: (a) first impression, (b) and (c) second impres-
sion. Reprinted from [57] with permission of American Vacuum Society. © (2012) American 
Vacuum Society
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(ΔTx = 83 K) between Tg = 575 K and Tx = 658 K. The material was prepared by 
magnetron sputtering on a Si substrate with a thickness of 20 nm and surface rough-
ness Ra = 0.18 nm. Figure 12.17a shows an SEM microphotograph of the result of 
the initial nanoimprinting of Pd-based metallic glass at 603 K for 10 s under a com-
pressive stress of 10 MPa. The aggregated spherical Pt mask of the mold was 
observed around the replicated hole structure. Subsequently, nanoimprinting was 
performed for the second time at 603 K under a compressive stress of 40 MPa for 
10 s. Figures 12.17b, c show SEM microphotographs of the nanoimprinted surface 
of the Pd-based metallic glass. The fine nanoscale hole arrays with Lp = 18 nm were 
clearly replicated. The height of the SiO2 dot decreased naturally after the first 
imprinting because the Pt spherical mask was removed. The dot height would 
change to approximately 25 nm from 34 nm because of the loss of the Pt mask with 
a diameter of 8 nm. However, the depth of the imprinted hole was estimated to be 
less than 10 nm on the basis of the tilted SEM photograph in Fig. 12.17c. The final 
imprinted depth should be determined mostly by the imprinting conditions. We 
assumed that the wetting behavior and surface tension of the metallic glass would 
significantly affect the nanoscale formability at the ultrafine scale. In terms of fab-
ricating BPM, the shape uniformity of SiO2 dots on the mold is the major factor 
determining the magnetic recording properties. Therefore, evaluation of the unifor-
mity of the dot shapes on the mold after removal of the Pt mask is a subject for 
further study. It is also important to investigate the nanoformability of metallic glass 
in terms of the wetting behavior between the mold material and the metallic glass, 
surface tension, viscosity, applied stress, and material thickness in order to control 
the depth of the imprinted holes at the ultrafine scale. Consequently, the excellent 
nanoscale formability and homogeneity of metallic glass were successfully demon-
strated by nanoimprinting with the fabricated mold.

Thus in the spot drawing mode in FIB-CVD, Pt was deposited in the nanoscale 
holes generated by the sputtering effects of FIB and was also distributed near the 
beam irradiation point associated with the region of SE emission. A connected Pt 
dot array with an 18-nm pitch was observed on the SiO2 surface. Heat treatment was 
applied to enhance the uniformity of the Pt dots’ shape by thermal aggregation, and 
a Pt etching mask with spherical dots was obtained. RIE of the SiO2 layer by using 
a mixed gas of CHF3 and O2 produced a mold having a convex nanodot array with 
an 18-nm dot pitch. Successful nanoimprinting of Pd39Cu29Ni13P19 metallic glass 
using the fabricated mold led to the formation of fine concave nanohole arrays. 
Thus, metallic glass is a nano-imprintable material for mass-producing nanodevices 
such as BPM with high areal recording densities of 2 Tbit/in2.

12.6  Direct Formation of a Nanostructure on Deposition

Growing number of research activities are now focused on metallic glassy nano- 
objects, for example, nanowires [59, 60]. Nanowires have been used as barcodes for 
biological multiplexing, which could be visualized by an optical microscope [61]. 
Metallic nanowires may have analytical applications ranging from interconnects to 
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sensors [62]. The micrometer long nickel nanowires could be internalized by cells 
allowing the manipulation of living cells through magnetic field [63].

Metallic glasses are suitable materials for scanner micro-mirrors. In order to 
achieve the large scanning angle without mechanical failure during actuation, the 
micro-mirror structure was fabricated using Fe-based metallic glass [64]. High values 
of mechanical strength and elastic strain limit are desired for the torsion bar for pro-
viding high performance of the mirror, including large tilting angle and good stabil-
ity. Millimeter-size mirror device was successfully fabricated from Fe-based MG 
ribbon. Extremely large optical tilting angle of exceeding 100° was obtained on acti-
vation of the mirror by magnetic force when electrical current of 100 mA was applied. 
Large tilting angle of the mirror is due to the torsion bar which was fabricated with 
Fe-based MG material that has large elastic strain limit and high fracture toughness.

Fig. 12.18 (a) XRD patterns of the Au49Ag5.5Pd2.3Cu26.9Si16.3 GRs and the as-prepared Au-based 
nanostructured metallic glass. The inset of (a) is the DSC curve of the nanostructured metallic 
glassy sample. (b) Bright-field TEM image. The inset of (b) is the SAED pattern. (c) SEM images 
of the surface morphology of nanostructured metallic glassy sample, consisting of islands (d) and 
glassy grains (e), respectively. Reprinted from [65] with permission of Elsevier © (2011) Elsevier
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Recently developed Au-based metallic nanostructured metallic glasses with 
large surface area produced from a BMG forming alloy (Fig. 12.18) [65] opened up 
a new application area of such a material as catalyst. This material showed a good 
catalytic activity for the following reaction:

 
PhMe Si PhMe Siacetone rt

Au basedNGMG2 1 2
24

2 2
- + ¾ ®¾¾¾¾ -
[ ] [

H H O h, ,
 ]]

+OH H2
 

of dimethylphenylsilane (PhMe2Si–H) with water in the presence of Au-based 
metallic nanoglass. The reaction proceeded at room temperature for 24 h and the 
desired dimethylphenylsilanol was obtained. As similar granular structure was 
obtained in the case of Pd78Si22 nanoglass other catalysts can be prepared soon.

12.7  Conclusion

In the present work we summarized recent findings in the field of micro- and 
nanoscale processing and pattering of metallic glasses. Nanoimprinting was per-
formed on various metallic glasses using the molds fabricated by focused ion beam- 
assisted chemical vapor deposition and reactive ion etching. The glassy alloys have 
a homogeneous structure and exhibit viscous flow at much lower temperatures  
in comparison with crystalline alloys. The high-quality imprint patterns and near-
net- shape cast products were obtained, which indicates applicability of metallic 
glasses for these purposes. On the other hand metallic glasses themselves can be 
readily used as dies for nanoimprinting lithography replacing expensive nanoscale 
dies made of silicon which have lower durability. Direct formation of a nanostruc-
ture on deposition is also discussed.

References

 1. Inoue, A.: Acta Mater. 48, 279–306 (2000)
 2. Saotome, Y., Imai, K., Shioda, S., Shimizu, S., Zhang, T., Inoue, A.: Intermetallics 10, 1241–

1247 (2002)
 3. Jeong, H.W., Hata, S., Shimokohbe, A.: J. Microelectromech. Syst. 12, 42–52 (2003)
 4. Schroers, J., Pham, Q., Desai, A.: J. Microelectromech. Syst. 16, 240–247 (2007)
 5. Kumar, G., Tang, H.X.: J. Schroers Nature 457, 868–872 (2009)
 6. Sharma, P., Zhang, W., Amiya, K., Kimura, H.M., Inoue, A.: J. Nanosci. Nanotechnol. 5, 416–

420 (2005)
 7. Chou, S.Y., Krauss, P.R., Zhang, W., Guo, L., Zhuang, L.: J. Vac. Sci. Technol. B 15, 2897–

2901 (1997)
 8. Spaepen, F.: Acta Metall. 25, 407–415 (1977)
 9. Louzguine-Luzgin, D.V., Wada, T., Kato, H., Perepezko, J., Inoue, A.: Intermetallics 18(6), 

1235–1239 (2010)
 10. Y. Saotome and A. Inoue: Proc. 7th IEEE Workshop on Micro Electro Mechanical Systems. 

343–348 (1994)

A. Inoue et al.



339

 11. Fukuda, Y., Saotome, Y., Kimura, H., Inoue, A.: Mater. Trans. 52, 239–242 (2011)
 12. Louzguine-Luzgin, D.V., Inoue, A.: J. Nanosci. Nanotechnol. 5(7), 999–1014 (2005)
 13. Louzguine, D.V., Inoue, A.: J. Mater. Sci. 35(16), 4159–4164 (2000)
 14. de Oliveira, M., BottaF, W.J., Yavari, A.R.: Mater. Trans. 41(11), 1501–1504 (2000)
 15. Castellano, R.N., Feinstein, L.G.: J. Appl. Phys. 50, 4406–4411 (1979)
 16. Krupanidhi, S.B., Maffeo, N., Sayer, M., El-Asselet, K.: J. Appl. Phys. 54, 6601–6609 (1983)
 17. Sreenivas, K., Sayer, M., Garrett, P.: Thin Solid Films 172(2), 251–267 (1989)
 18. Otsubo, S., Maeda, T., Minamikawa, T., Yonezawa, Y., Morimoto, A., Shimizu, T.: Jpn. J. 

Appl. Phys. 29(Part 2 (1)), L133–L136 (1990)
 19. Lasagni, A., Holzapfel, C., Weirich, T., Mücklich, F.: Appl. Surf. Sci. 253(19), 8070–8074 

(2007)
 20. Kwak, B.S., Boyd, E.P., Erbil, A.: Appl. Phys. Lett. 53(18), 1702–1704 (1988)
 21. Budd, K.D., Dey, S.K., Payne, D.A.: Br. Ceram. Proc. 36, 107–121 (1985)
 22. Saotome, Y., Itoh, K., Zhang, T., Inoue, A.: Scr. Mater. 44, 1541–1545 (2001)
 23. Saotome Y., Inoue A.: Proceeding of IEEE 13th International Conference on Micro Electro 

Mechanical Systems, 288–293, (2000)
 24. Saotome, Y., Iijima, T., Zhang, T., Inoue, A.: J. Metast. Nanocryst. Mater. 15–16, 655–658 

(2003)
 25. Saotome, Y., Okaniwa, S., Kimura, H., Inoue, A.: J. Mater. Sci. Forum 539–543, 2088–2093 

(2007)
 26. Fukuda, Y., Saotome, Y., Kimura, H., Inoue, A.: Materials Transactions 52(2), 239–242 (2011)
 27. Fukuda, Y., Saotome, Y., Nishiyama, N., Saidoh, N., Makabe, E., Inoue A. Japanese,: J. Appl. 

Phys. 51, 086702 (2012)
 28. Takenaka, K., Togashi, N., Nishiyama, N., Inoue, A.: J. Non-Cryst. Solids 356, 1542–1545 

(2010)
 29. Saotome, Y., Miwa, S., Zhang, T., Inoue, A.: J. Mater. Process. Technol. 113, 64–69 (2001)
 30. Saotome, Y., Noguchi, T., Zhang, T., Inoue, A.: J. Mat. Sci. Eng. A 375–377, 389–393 (2004)
 31. Kato, H., Wada, T., Hasegawa, M., Saida, J., Inoue, A., Chen, H.: Scr. Mater. 54, 2023–2027 

(2006)
 32. Saotome, Y., Okaniwa, S., Kimura, H., Inoue, A.: Mater. Sci. Forum 539–543(PART 2), 

2088–2093 (2007)
 33. Fukuda, Y., Saotome, Y., Kimura, H and Inoue, A., Materials Transactions, 52, 239–242 (2011)
 34. Chen, N., Yang, H.A., Caron, A., Chen, P.C., Lin, Y.C., Louzguine-Luzgin, D.V., Yao, K.F., 

Esashi, M., Inoue, A.: Glass-forming ability and thermoplastic formability of a Pd40Ni40Si4P16 
glassy alloy. J. Mater. Sci. 46(7), 2091–2096 (2011)

 35. Zhang, T., Zhang, X., Zhang, W., Jia, F., Inoue, A., Hao, H., Ma, Y.: Mater. Lett. 65, 2257–
2260 (2011)

 36. Hofmann, D.C.: J. Mat, Article ID 517904 (2013)
 37. Greer, A.L., Rutherford, K.L., Hutchings, I.M.: Int. Mater. Rev. 47, 87–112(26) (2002)
 38. Togashi, N., Ishida, M., Nishiyama, N., Inoue, A.: Rev. Adv. Mater. Sci. 18, 93–97 (2008)
 39. Inoue, A., Shen, B., Takeuchi, A.: Mat. Sci. Eng. A 441, 18–25 (2006)
 40. Ishida, M., Uehara, T., Arai, T., Takeda, H., Yamaguchi, T., Taniguchi, T., Katsumi, T., 

Kobayashi, M., Ofune, H.: Intermetallics 10, 1259–1263 (2002)
 41. Mamoru, I., Hideki, T., Daichi, W., Kenji, A., Nobuyuki, N., Kazuhiko, K., Yasunori, S., 

Akihisa, I.: Mater. Trans. 45, 1239–1244 (2004)
 42. Saotome, Y., Ishizaki, H.: J. Mater. Proc. Tech. 119, 307–311 (2001)
 43. Sbia, R., Piramanayagam, S.N.: Recent Pat. Nanotechnol. 1, 29–40 (2007)
 44. Chou, S.Y., Wei, M.S., Krauss, P.R., Fischer, P.B.: J. Appl. Phys. 76, 6673–6675 (1994)
 45. Lodder, J.C.: J. Magn. Magn. Mater. 272–276, 1692–1697 (2004)
 46. Naito, K., Hieda, H., Sakurai, M., Kamata, Y., Asakawa, K.: IEEE Trans. Magn. 38, 1949–

1951 (2002)
 47. Yang, X., Xiao, S., Wu, W., Xu, Y., Mountfield, K., Rottmayer, R., Lee, K., Kuo, D., Weller, 

D.: J. Vac. Sci. Technol. B 25, 2202–2209 (2007)

12 Development of Functional Metallic Glassy Materials by FIB and Nanoimprint…



340

 48. Yang, J.K.W., Chen, Y., Huang, T., Duan, H., Thiyagarajah, N., Hui, H.K., Leong, S.H., Ng, 
V.: Nanotechnology 22, 385301 (2011)

 49. Solak, H.H., Ekinci, Y.: J. Vac. Sci. Technol. B 25, 2123–2127 (2007)
 50. Wu, W., Cui, B., Sun, X., Zhang, W., Zhuang, L., Kong, L., Chou, S.Y.: J. Vac. Sci. Technol. B 

16, 3825–3829 (1998)
 51. Chou, S.Y., Krauss, P.R., Renstrom, P.J.: Appl. Phys. Lett. 67, 3114–3116 (1995)
 52. Yamamoto, R., Yuzawa, A., Shimada, T., Ootera, Y., Kamata, Y., Kihara, N., Kikitsu, A.: Jpn. 

J. Appl. Phys. 51(Part 1), 046503 (2012)
 53. Hosaka, S., Tanaka, Y., Shirai, M., Mohamad, Z., Yin, Y.: Jpn. J. Appl. Phys. 49(Part 1), 

046503 (2010)
 54. Hosaka, S., Mohamad, Z., Shirai, M., Sano, H., Yin, Y., Miyachi, A., Sone, H.: Microelectron. 

Eng. 85, 774–777 (2008)
 55. Fukuda, Y., Saotome, Y., Nishiyama, N., Saidoh, N., Makabe, E., Inoue, A.: Jpn. J. Appl. Phys. 

51(Part 1), 086702 (2012)
 56. Matsui, S., Kaito, T., Fujita, J., Komuro, M., Kanda, K., Haruyama, Y.: J. Vac. Sci. Technol. B 

18, 3181–3184 (2000)
 57. Fukuda, Y., Saotome, Y., Nishiyama, N., Takenaka, K., Saidoh, N., Makabe, E., Inoue, A.: 

J Vac Sci Technol B: Microelectron Nanometer Struct 30, 061602 (2012)
 58. Inoue, A., Nishiyama, N., Kimura, H.M.: Mater. Trans. JIM 38, 179–183 (1997)
 59. Nakayama, K.S., Yokoyama, Y., Ono, T., Chen, M.W., Akiyama, K., Sakurai, T., Inoue, A.: 

Adv. Mater. 22, 863–866 (2010)
 60. Carmo, M., Sekol, R.C., Ding, S., Kumar, G., Schroers, J., Taylor, A.D.: ACS Nano 5, 2979–

2983 (2011)
 61. Keating, C.D., Natan, M.J.: Adv. Mater. 15, 451–454 (2003)
 62. Walter, E.C., Penner, R.M., Liu, H., Ng, K.H., Zach, M.P., Favier, F.: Surf. Interface Anal. 34, 

409–412 (2002)
 63. Tanase, M., Felton, E.J., Gray, D.S., Hultgren, A., Chen, C.S., Reich, D.H.: Lab Chip 5, 598–

605 (2005)
 64. Lee, J.-W., Lin, Y.C., Chen, N., Louzguine, D.V., Esashi, M., Gessner, T.: Jpn. J. Appl. Phys. 

50, 087301 (2011)
 65. Chen, N., Frank, R., Asao, N., Louzguine-Luzgin, D.V., Sharma, P., Wang, J.Q., Xie, G.Q., 

Ishikawa, Y., Hatakeyama, N., Lin, Y.C., Esashi, M., Yamamoto, Y., Inoue, A.: Acta. Mater. 59, 
6433–6440 (2011)

A. Inoue et al.



341

Abstract In this chapter the combined use of focused ion beam and dielectrophoresis 
is reported to show the powerful tool for realizing nanodevices based on nanostruc-
tured materials.

This combination allows to positioning by dielectrophoresis between nanoelec-
trodes deposited by focused ion beam single palladium nanowire, ZnO nanostruc-
tures, and graphene multilayer flakes dispersed in appropriate solutions. Devices 
based on single Pd nanowire operate as hydrogen sensor at room temperature. 
Nanostructures of ZnO are assembled and characterized as photodetector.

Graphene multilayer flakes are assembled by DEP towards electrode gap milled 
by FIB, and its electrical resistance is measured.

13.1  Introduction

The fabrication of nanoelectronic circuits needs to downscale the dimensions of 
electrodes. Usually device electrodes are built using electron beam or optical lithog-
raphy, metallization, and liftoff. The focused ion beam (FIB) is often used as alter-
native method for realizing the nanoelectrodes on electronic devices. The use of 
high energy FIB is an already well-established technique in microelectronics and 
microfabrication for mask-less patterning [1–3]. This apparatus is able to microma-
chine the electrode directly onto substrate becoming a “direct-write” tool. The elec-
trodes can be patterned in few minutes and be a good alternative to electrodes 
prefabricated by multistep and longtime procedure. FIB operating mechanism relies 
on a highly focused and energetic gallium ion beam that interacts with a platinum 
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organometallic precursor to deposit nanocontacts [4, 5]. It can be used in different 
ways. It is possible to make nanoelectrode patterning defining the region where 
nanostructures and single nanowires are subsequently located: growing, position-
ing, and aligning them between the contacting electrodes. This method is com-
monly named grow in place [3, 6–9]. Another approach pick and place consists of 
capturing the single nanowire or nanostructure in a random dispersion of solution, 
positioning it onto the substrate, and FIB is employed to make electrical contacts at 
the nanowire end [10–13].

The fabrication and the alignment nanowires represent a challenge for the cur-
rent technology. Recently the feasibility of grow in place process has been demon-
strated by realizing nanostructure-based devices. First Pt electrodes are deposited 
by FIB then nanoparticles solution is dropped onto electrodes and dielectrophoresis 
(DEP) is applied [3, 14]. It uses a nonuniform electric field to polarize small parti-
cles suspended in solution forcing them to move in a well-controllable way. This 
process has emerged both as an effective process to handle and position the nano-
structures/nanowires in precise site onto devices and as a deposition step to assem-
ble the nanowires starting from nanoparticles suspended in solution [15–18].

The peculiarity of FIB and DEP processes is shown in this chapter, showing dif-
ferent devices based on single Pd nanowire, ZnO nanostructures, and single flake of 
graphene multilayers realized in the previous work [3, 20, 22, 28, 29]. For device 
fabrication, as a first step, FIB is used for nanoelectrode patterning onto a silicon/
silicon nitride or glass substrates. Electrodes are designed in such a way that, by 
means of a DEP process, under suitable defined operating conditions, Zno or Pd 
nanowires are grown or a single flake of graphene multilayer is driven between the 
nanocontacts. Different devices have been realized: single Pd nanowire has been 
tested at room temperature as hydrogen sensor, ZnO nanostructures have been char-
acterized as photodetector and graphene flakes have been characterized measuring 
the electrical resistance.

13.2  Experimental

13.2.1  Electrode Pattern Configurations

FIB column, integrated in a FEI Quanta 200 3D dual-beam system, has been used 
for Pt nanoelectrodes patterning. During deposition the precursor, methylcyclopent
adienyl[trimethyl] platinum (C9H16Pt), is fragmented with the high focused gallium 
ion beam resulting in the deposition of platinum nanoelectrodes composed of the 
elemental constituents of the precursor and Ga+ ions from the ion beam [19]. In 
Fig. 13.1, two device architectures are schematically shown [3, 20]. As a starting 
substrate, silicon or glass substrates are used. For single Pd nanowire and ZnO 
nanostructures assembly, the flowchart of device fabrication is reported in Fig. 13.1a. 
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After a standard cleaning, a 100 nm thick SiO2 layer and two Cr/Au pads with the 
area of 0.25 cm2 and thickness of 20 nm/180 nm are deposited by e-beam-assisted 
evaporation onto silicon. The metal pads have 1 mm gap size. To reduce the gap size 
and allow the nanowire assembly, the substrate is inserted into the FIB vacuum 
chamber for the subsequent deposition of platinum microelectrodes between the Cr/
Au pads, obtaining a new gap size of 8 μm. Using 30 kV as accelerating voltage and 
10pA as ion beam emission current, Pt nanoelectrodes are deposited onto the sub-
strate. Each platinum electrode has a width of 300 nm and a height of 500 nm.

For graphene flake assembly, the flowchart for device fabrication is shown in 
Fig. 13.1b. Glass is the starting substrate and Cr/Au pads are deposited with the 
same previous conditions. The metal pads have 100 μm gap size.

Fig. 13.1 Flowchart of the process for single Pd nanowire assembly and ZnO nanostructures (a) 
and graphene flakes (b). (a) Silicon substrate as starting material, deposition of SiO2 and Cr/Au 
pads deposited by e-beam evaporation, then Pt microelectrodes deposited by FIB [3]. (b) Glass 
substrate as starting material, Cr/Au pads deposited by e-beam evaporation, Pt microelectrode 
deposition by FIB, and gap milling by FIB to create two microelectrodes [20]
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A single Pt nanoelectrode is deposited, with the same previous conditions, realizing 
it on the same line. To create a gap useful to drive the graphene flake, the Pt elec-
trode is then milled, in few seconds, by FIB creating a gap of 500 nm and forming 
two aligned Pt electrodes (Fig. 13.2b).

13.2.2  Different Feed Solutions for the Nanostructures 
Assembly

For DEP processing, the nanostructures (palladium, ZnO, and graphene flakes) have 
been dispersed in a solution. Few microliters of solution have been deposited by 
casting onto the substrate, previously washed in isopropyl alcohol and deionized 
water and dried in a nitrogen flow. Following assembly, the chips are rinsed in suc-
cessive baths of acetone, isopropanol, and deionized water to remove all remaining 
traces of the suspension [3]. A scheme of the apparatus used for assembly is shown 
in Fig. 13.3. A function generator (Agilent 33220A) and an oscilloscope (Tektronix 
TDS 3032) have been used as the alternating current (AC) source and for monitor-
ing the applied electrical signal, respectively. Moreover, the assembly is monitored 
through an optical microscope that captures the movement of nanoparticles in real 
time by means of a video camera.

13.2.2.1  Palladium Nanoparticles

The feed solution for DEP processing is prepared dissolving crystalline Pd(acetate)2 
((C2H3O2)2Pd, Sigma Aldrich) in 10 mM HEPES (C8H18N2O4S, Sigma Aldrich) 
buffer solution in order to obtain a saturated solution. To ensure complete and 

Fig. 13.2 (a) Pt nanoelectrodes, made by FIB. The thin Pt halo, due to platinum deposition spreading 
out around the electrodes, is clearly visible. Halo reduces the gap size, set initially at 8 μm (b) 
500 nm gap created by FIB milling of platinum electrode deposited previously by FIB [20]
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homogeneous dissolution, the solution is maintained hermetically closed and in the 
dark on a magnetic stirrer for 3 h and then centrifuged at 13,000 rpm to separate 
the precipitate. The sinusoidal electrical signal 10 Vpeak–peak (Vpp) is monitored over 
time applying frequencies of 300 kHz and 300 Hz [3].

13.2.2.2  ZnO Nanostructures

The solution has been prepared dissolving 0.01 g of ZnO nanopowders in deionized 
water to have a 0.3 mg/ml concentration. To ensure complete and homogeneous 
dissolution, the solution is maintained hermetically closed and in the dark on a 
magnetic stirrer for 10 min and then centrifuged at 13,000 rpm to separate the 
precipitate. This resulting solution has been inserted in an ultrasonic bath for 30 min 
to avoiding the agglomeration. The applied electrical signal is fixed to 10 Vpp with 
frequencies of 500 KHz and 1 MHz [22].

13.2.2.3  Graphene Multilayer Flakes

Liquid phase production of chemically unmodified graphene is obtained by natural 
graphite dispersion in ultrasonic bath. The solvent employed to facilitate the layer 
exfoliation and stabilize the obtained solution is the N-Methyl pyrrolidone (NMP) 
[23, 24]. The graphite (Sigma Aldrich P.N. 332461) is dispersed in NMP at a con-
centration of 1 mg/ml by sonicating in a low power bath (40 W, 40 Hz) for 30 min 
to cause exfoliation. The solution is finally centrifuged at 500 rpm for 90 min. 1 μl 
solution, get from the half-top of the dispersion, is dropped onto the nanogap. The 
applied electrical signal (6 Vpp at 1 MHz) is monitored over time [20].

13.2.3  Electric Field Modeling of Electrode Pattern

Platinum electrode geometry affects the electric field gradient present when DEP 
working conditions are applied. To better understand the starting point of nanostruc-
tures growing under DEP conditions, numerical simulations have been performed 

Fig. 13.3 Scheme of circuit 
used for nanoparticles 
assembly [3]
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through the program Maxwell 2D by AnSoft. Taking into account both electrode 
and its Pt halo, when electrode pattern and working conditions are defined, the elec-
tric field streamlines are obtained. Figure 13.4 shows the electric field existing in the 
region between typical microelectrodes realized with different geometries.

In the figure the higher field gradient, which reaches values of 106 V/m, when a 
voltage of 10 Vpp and 300 kHz are applied, is represented with a red color. The 
streamlines are calculated under the real operating conditions.

13.2.4  Dielectrophoresis

The assembly process is based on the mobility and interaction of nanostructures sus-
pended in solution, caused by an alternating current and nonuniform electric field com-
monly referred to dielectrophoresis. When an electric field is applied, the nanostructures 
dispersed in a fluid polarize, producing charge at all interfaces, particularly the interface 
between the particle and the fluid. The net charge has opposite sign on either side of  
the particle, leading first and foremost to a net-induced effective dipole moment.  

Fig. 13.4 Simulation of the electric field for the different geometries at 10 Vpp and 300 kHz: 
(a) parallel electrodes with 6 μm gap, (b) parallel electrodes with overlapping of 1 μm and 6 μm gap, 
(c) aligned electrodes with a gap of 2 μm, and (d) aligned electrodes with a gap of 500 nm
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This dipole moment depends on the frequency of the applied electric field and the 
dielectric properties (permittivity and conductivity) of the particle and the fluid [25, 26].

The general expression for a force due to DEP is expressed as

 
F V K EDEP m= ( )éë ùû Ñ
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(13.1)

where εm is the absolute permittivity of the surrounding medium, V is the volume of 
particle, E is the electric field, and ω is the angular frequency of the applied electri-
cal field E. Re[K(ω)] is the real part of the polarization factor, K(ω), also called the 
Clausius–Mossotti (CM) factor, which is a complex function of the complex permit-
tivity of both medium and particle.
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is the real part of CM factor and indicates the effective polarizability of the parti-
cle, related to the particle dielectric constant εp and medium dielectric constant εm. 

In the above formulae t
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s sMW
p m

p m

=
+

+ 2
 is the charge relaxation time of 

Maxwell–Wagner.
The K(ω) factor is very important in the DEP process. The real part of CM factor 

in fact depends on the dielectric permittivity and conductibility of medium and par-
ticle dispersed in solution, and it is inversely dependent on the frequency. Generally 
particles in a solution move towards regions of high electric field strength if the 
polarizability of the particles is greater than the suspending medium polarizability 
(real part of CM factor is positive); otherwise they are repelled (real part of the CM 
factor is negative) [27]. When it is negative, the force changes from attractive to 
repulsive, at a crossover frequency ωc = τMW

− 1, and the particles move towards 
smaller electric field regions, and this is termed negative dielectrophoresis (Fig. 13.5).

Figure 13.5 shows the behavior of a particle subjected to dielectrophoresis, when 
the real part of the CM factor is positive or negative. The force changes sign, caus-
ing the motion with respect to areas of highest field gradient. In particular, it is 
important to obtain positive values of the CM factor to assemble the material in 
suspension in precise sites.

When external field is applied to the electrodes, a dipole is formed on nanopar-
ticles dissolved in a polar liquid. DEP force is more intense around the local arti-
facts present onto the electrodes, due to fabrication defects. Dipoles are forced to 
move towards these sites where oxidation/reduction reactions can occur, starting the 
nucleation process. As a result the most intense electric field gradient settles at a 
nucleating tip, and a wire can grow until electrodes short-circuit. The aggregations 
of nanoparticles are irreversible, and the assembled structures remain stable after 
the voltage has been turned off.
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13.3  Results and Discussions

13.3.1  Single Palladium Nanowire-Based Devices

13.3.1.1  Effects of Electrode Geometry

The palladium nanowires have been grown by applying a sinusoidal signal voltage 
of 10 Vpp at a fixed frequency, 300 kHz, starting from different electrode patterns. 
In Fig. 13.6 platinum electrodes are 1 μm overlapped, showing the grown single 
nanowire and its magnification with a branched shape and 80 nm thickness. The 
electric field generated by this electrode pattern favors the growth of aggregated 
grains. As the nanowire grows close to the other electrode, more intense electric 
fields are produced at the edge of the palladium growth, and the trunk-structure 
growth appears dominant [29].

A single main nanowire is formed, although the growth of a secondary shorter 
nanowire with a different nucleation site is observed when electrode partly 

Fig. 13.5 Schematic 
representation of a particle 
subjected to DEP force [26]

Fig. 13.6 (a) Ionic image of device based on single Pd nanowire. Device is formed by a main 
nanowire that connects the electrodes. Two secondary nanowires are also formed. Nanowires 
appear branched [28]. (b) A SEM image at high resolution
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overlapped are used. The secondary nanowire cannot complete its growth by 
connecting the opposite electrode, because the growth of the main nanowire is 
faster and the process stops when it reaches the opposite electrode. In Fig. 13.7 the 
electrodes are not overlapped. The resulting nanowire is thinner (60 nm thickness) 
but always branched, while the growth of a secondary nanowire is not evident.

In Fig. 13.8, the electrodes are 2 μm overlapped and the main nanowire presents 
an unusual morphology composed of two shapes: the topside consists of aggregated 
grains ranging from 100 to 200 nm, while the underside shows a central trunk with 
many branches, which is thin with 60 nm width.

Changing the electrode pattern depositing Pt in alignment way, with gap size of 
2 μm, Pd nanowire has been grown in 5 s (Fig. 13.9).

From electrode A, there is only one point of nucleation for nanowire growth. 
Instead, from the electrode B, different sites of growth are presented, probably due 
to a greater number of electrode imperfections. The nanowire magnification of 
device is shown in the inset of the figure, evaluating the nanowire diameter equal to 
120 nm.

13.3.1.2  Effects of Frequency

Fixing the geometry of the electrodes, realized by FIB and changing the frequency 
at 300 Hz, the nanowire morphology changes: no ramification respect to nanowire 
realized at 300 kHz (see Fig. 13.7) with a thickness varying from 180 nm to 600 nm. 
In Fig. 13.10 the single nanowire and its magnification are shown.

Fig. 13.7 SEM image of single Pd nanowire grown using an electrode pattern with no overlap [29]
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Fig. 13.8 A main nanowire and a secondary nanowire are formed when electrode patterns  
are partly overlapped [29]

Fig. 13.9 SEM image of palladium nanowire grown between aligned platinum electrodes  
(A and B) and its magnification (inset) [22]
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Wire assembly is always observed when field strength and particle concentration 
exceed experimental threshold values, suggesting that a minimum DEP force is 
required for its formation. Several parameters determine the threshold values for the 
assembly: frequency, concentration of particles in suspension, viscosity, and dielec-
tric constant of the media. Once the applied field and the electrolyte concentration 
have been tuned so as to exceed the threshold values, the AC frequency becomes an 
important parameter conditioning the wire morphology.

At low frequencies (300 Hz) thick palladium nanowires, with no branches, are 
assembled, while at high frequencies (300 kHz), thinner and branched nanowire are 
produced when high frequency fields are applied. Branched structures may origi-
nate because Pd ions can diffuse towards secondary sites different from the main 
nucleating tip, bringing to the formation of new nucleating points [30].

13.3.1.3  Electrical Characterization

Devices have been characterized electrically in air at room temperature environ-
ment, showing the same resistive type behavior in current–voltage with different 
values of electrical resistance in the range of 20–150 kΩ. The difference in resis-
tance between the devices is mainly due to their morphology. Devices with ramified 
and granular morphology are more resistive than the device without ramification, 
more thickness with a planar conformation.

Fig. 13.10 SEM image nanowire realized at 300 Hz and its magnification (inset) [3]
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Volt-amperometric technique, at constant bias, has been then employed for sen-
sor DC electrical characterization in a controlled gas flow environment, premixed 
with dry carrier in the desired percentage by mass flow meters, and continuously 
controlled by means of an online Fourier transform infrared spectrometer [21]. All 
the tested devices have been biased at 5 mV. Total gas flow has been set at 500 sccm.

Devices based on single palladium nanowire have been characterized as hydro-
gen sensors. They are kept for 30 min under nitrogen flow, to monitor baseline cur-
rent. A concentration of 4 % hydrogen is introduced more for 30 min followed by 
an identical cycle of nitrogen/hydrogen. Two additional cycles are made to 0.5 % 
hydrogen. Devices show a current decreasing in presence of hydrogen. Upon expo-
sure to hydrogen, palladium reacts to form the more resistive palladium hydride 
(PdHx where x is the atomic ratio H/Pd); as a consequence the electric current 
decreases.

To describe the sensor response, for the devices, the time responses have been 

obtained. I
I I
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S
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´ %  is the device relative response. I0 is the maximum current 

under nitrogen gas, while Is is the maximum current under hydrogen gas.  
The response time is the time required for the electrical current to increase from 10 
to 90 % of Is. In Figs. 13.11 and 13.12 the relative responses versus time in presence 
of different concentrations of hydrogen are reported for branched single palladium 
nanowire and thick palladium nanowire, respectively.

The branched single palladium-based device relative response is higher than 
thick palladium device because of higher surface/volume ratio due to the numerous 
ramifications. Moreover, branched single Pd follows better the concentration 
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Fig. 13.11 Branched single palladium nanowire: sensor output current (left axis, squares+line) 
versus time, recorded at room temperature and at 4 % and 0.5 % H2 (solid line) concentrations in 
dry air (right axis) [28]
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change, and when hydrogen is removed from the test chamber, it has a lower drift 
current and greater stability than the device based on thick nanowire.

13.3.2  Graphene Multilayer Flake Assembly

Preliminary devices are shown in Fig. 13.13. Comparing the images with the simu-
lation of Fig. 13.4 is clear that the flakes are deposited mainly in the areas of highest 
field gradient, thus confirming the goodness of the mathematical modeling.
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Fig. 13.12 Thick single palladium nanowire: sensor output current (left axis, squares+line) versus 
time, recorded at room temperature and at 4 % and 0.5 % H2 (solid line) concentrations in dry air 
(right axis) [28]

Fig. 13.13 SEM images of two devices where flakes are assembled between nanogap [20]
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The alternate electrical signal used in the experiment is 6 Vpeak–peak and 1 MHz 
applied for 1 min, because these parameters permit to have a positive DEP force. 
The electrical resistance of devices is also measured finding 700 kΩ. As it is evident 
from SEM images, DEP force drives thicker flakes between the nanogap. Raman 
analysis confirms that only thicker flakes are assembled. Exfoliation of graphite in 
organic solvents, although it produces high-quality single-layer graphene, it suffers 
a high polydispersity and low single-layer yield (~1 %) [24]. When dielectropho-
retic force is applied to such a nonhomogeneous solution, only flakes with larger 
thickness are carried out on the electrodes although single-layer graphene may be 
present in the solution. The single-layer graphene are not able to compete against 
larger flakes subjected to high dielectrophoretic force. It, in fact, increases propor-
tionally to the particles volume, which is directly related to the flake thickness. 
These results indicate that to achieve single-layer graphene dielectrophoretic depo-
sition, higher solution qualities must be available, consisting largely of single-layer 
graphene sheets, as already reported in the literature [23].

13.3.3  ZnO Nanostructure-Based Devices

Devices realized with different platinum electrodes geometry (parallel and aligned 
electrodes) have been used for assembling ZnO nanostructures [22].

Results are shown in Figs. 13.14 and 13.15 where the applied signal was 10 Vpp 
and frequency of 500 kHz e 1 MHz, respectively. ZnO nanopowder dispersed in 
water tends to form complex nanostructures when DEP is applied.

Figure 13.16 shows the current–voltage characteristics of the ZnO nanostruc-
tures assembled by dielectrophoresis. It may be noted that the curves exhibited non-
ohmic characteristic showing the semiconducting behavior of ZnO nanoparticles. 
Under an UV illumination the nanodevices exhibited a tremendous change in con-
ductivity and on UV removal the I–V retraces the curves observed under dark within 
a few seconds of measurement. This behavior shows that the fabricated device can 
be used as photodetector.

13.4  Conclusions

The feasibility of combined use of dielectrophoresis and focused ion beam for man-
ufacture nanostructured devices is presented. Results show that FIB and DEP allow 
positioning between nanoelectrodes single palladium nanowire, ZnO nanostruc-
tures, and graphene multilayer flakes dispersed in appropriate solutions. Nanodevice 
can be fabricated in well-controllable conditions. Devices based on single Pd 
nanowire operate as hydrogen sensor at room temperature. Nanostructures of ZnO 
are assembled and characterized as photodetector.
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Fig. 13.14 SEM image ZnO assembly at 500 kHz

Fig. 13.15 SEM image of ZnO assembly at 1 MHz
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Graphene multilayer flakes are assembled by DEP towards electrode gap milled 
by FIB, and electrical resistance is measured. These results show how electrodes 
can be patterned in few minutes by direct-write FIB technique and how DEP can be 
used as a scalable method for the growth of nanowires directly onto devices.
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Abstract In this report, we introduce a nanomanipulation and fabrication technology, 
which is useful to characterize thermoelectrical properties of individual one- 
dimensional nanosystems such as metallic or semiconducting carbon nanotubes 
(CNTs) and nanowires (NWs). For such characterization, a one-stop measurement 
platform was constructed by focused ion beam (FIB) nanolithography after which a 
freestanding NW was picked up from a bundle of NWs and placed on the platform 
using a nanomanipulator. As a unique and unparalleled control for nanoscale one- 
dimensional systems, FIB-assisted nanomanipulator could make a direct access to 
nanoscale materials and structures. Subsequently, the four-point 3-ω method com-
bined with a nanoheater was used to obtain electrical conductivity, thermal conduc-
tivity, and Seebeck coefficient, with which one can estimate the figure of merit of 
β-silicon carbide (SiC) NWs. We found that the thermal conductivity of a single 
β-SiC NW was 82 ± 6 W/mK. The Seebeck coefficient was also successfully mea-
sured to be −1.21 mV/K. With a measured electrical conductivity of the NW, the 
dimensionless thermoelectrical figure of merit (ZT) was estimated to be 0.12.

14.1  Introduction

As a unique and unparalleled manipulation, fabrication, and characterization tool, 
focused ion beam (FIB) has played an important role in nanotechnology because of 
its site-specific working range up to a few nanometers and direct and straightfor-
ward access to a nanoscale structure. The first commercial instrument was 
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introduced in the market more than decades ago [1] since the prototype dual-beam 
technique was developed during the late 1970s and the early 1980s.

As liquid-metal ion sources (LMISs) are most commonly used, a gallium ion 
source was adopted in our study. A heated, thus liquid molten metal in contact with 
a tungsten needle wets the tungsten, and an electric field greater than 108 V/cm initi-
ates ionization and field emission of the gallium ions. Then the emitted ions are 
accelerated to energy of 5–50 keV and focused onto the sample through electro-
static lenses. Working at such small scale, FIB is able to modify tiny circuits and 
small surface areas and to deposit and etch materials with chemical reactions of Ga+ 
ions (which are ejected from an FIB column) and reactants. FIB is now broadly used 
in various technological fields such as semiconductor and nanotechnology. FIB 
employs a nanomanipulator (attached to FIB), which has played and plays an 
important role to manipulate nanostructures such as picking (lifting) up and placing 
FIB-fabricated nano- and microstructures for transmission electron microscope 
(TEM) sample preparation. The nanomanipulator whose tip end is at a submicron 
size is small enough to control nanostructures such as NWs. Figure 14.1 shows vari-
ous previous results of manipulated NWs (β-SiC, silicon (Si), and silver (Ag) NWs). 
This way, direct access to such a tiny structure with a finely focused ion beam and 
manipulator has made FIB to be a powerful and necessitated tool to work in the area 
of nanotechnology. Also, the relevant technologies such as fine arts of machining, 
drawing, and structuring have been much emphasized as more demands on well- 
defined nanostructures arise. This motivated us in the research to employ the FIB 
technology to characterize the thermoelectrical properties of NWs [2–4]. 

Fig. 14.1 Direct manipulation of various NWs with a nanomanipulator annexed to FIB. (a) Ag 
NW attached to a nanomanipulator; (b) a single Si NW extracted from a bundle of Si NW by a 
nanomanipulator; (c) a β-SiC NW attached to a nanomanipulator. Each scale bar in the images 
indicates 1 μm
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We used an Omniprobe (AutoProbe™ 200) nanomanipulator attached to a dual-
beam FIB machine that enables fine control of nanostructures, e.g., creating 
mechanical repositioning of NWs. The nanomanipulator used in our study has 
100 nm positioning resolution. It has been served as a fully automated and multipur-
pose nano-positioning tool that is able to make in situ lift-out, electrical measure-
ments, nano-mechanical testing, and charge neutralization in FIB and SEM [5]. FIB 
used in our study was FEI Nova 200 NanoLab, which has been operated since 
January 2005 in the Center for Advanced Research and Technology (CART) at 
UNT. The secondary electron image resolution is 1.5 nm at 15 kV. The focused ion 
beam has better than 7 nm resolution at 30 kV.

In this article, we report thermoelectrical characterization of a single β-SiC NW. 
Being a material possessing superior physical properties such as high thermal con-
ductivity, high mechanical strength, and wide bandgap structure, SiC has been used 
as a substantial material for applications in microelectronic, thermoelectric, and 
optoelectronic devices [6–9]. Mostly, the material has been used in a harsh environ-
ment such as high power, high frequency, and high temperature because of its phys-
ical and chemical durability and stability. Thus, it has a potential to replace Si in the 
near future. Owing to its excellent physical properties, this one-dimensional NW 
structure has been greatly interesting for scientific and technological research. 
Following this trend, SiC NWs have attracted much attention because of the excel-
lent low-dimensional feature as well as their aforementioned intrinsic properties. 
For this reason, SiC NWs have been considered as important electric devices such 
as field-effect transistors (FETs) [10–12]. SiC crystallizes in more than 200 poly-
types but the variants that have received the most research attention are the β-SiC 
(3C-SiC) zincblende form (studied in this article) and the 6H-, 4H-, hexagonal 
polymorphs.

14.2  Nanofabrication of One-Stop Measurement Platform

14.2.1  Focused Ion Beam Milling Process

FIB can locally etch and mill a sample surface with nanoscale precision. The sput-
tering rate of a sample in FIB milling is affected by various parameters explained 
below and material properties as in other sputtering systems. The beam current, 
sample density, sample atomic mass, and incoming ion mass are factors to affect the 
FIB milling. The removal of a sample material is achieved by an energetic Ga + beam 
that is used in our FIB. The result is physical sputtering of the sample material, as 
illustrated schematically in Fig. 14.2. By scanning the focused Ga + beam over the 
substrate, a predefined shape can be obtained through milling and etching the sur-
face of the substrate.

For the thermal conductivity measurement based on the 3-ω method, a pre- 
patterned metal electrode structure was made by standard photolithography 
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processes. Then, FIB was utilized to create a fine nanoscale structure consisting of 
four-point contact probes by milling. Figure 14.3 shows the process of fabricating 
the four-point probe structure for the 3-ω thermal conductivity method.

A silicon nitride (Si3N4) membrane with 500 nm thickness that had been grown 
on a Si wafer was used as a substrate in this study. Potassium hydroxide (KOH) was 
used for selectively etching Si at the center of the substrate to create a thin mem-
brane structure with dimension of 300 × 300 μm2. A microelectrode pattern was 
created by sputtering deposition of Au/Cr on top of the membrane. The standard 
photolithography technique was employed to pattern electrodes for an electrical 
interface. The reason for creating the membrane structure is to make a through hole 
that serves as thermal insulation in the thermal conductivity and Seebeck coefficient 
measurement. This hole can prevent heat generated at the NW due to Joule heating 
from leaking through the substrate. The trench and four-point probe structures were 
created with an aid of FIB milling.

On the pre-patterned electrode, a focused ion beam of 30 kV (at 0.1 nA current 
and at 5,000 magnification) was applied for shaping a four-point probe structure. In 
situ observation with SEM was made to determine when to stop the milling process. 
This helped us save the processing time and avoid undesired damages on electrodes. 
The trench was created sequentially with the same ion beam intensity. At this time, 
we carefully observed the beam current change on a controlling panel in an FIB 
operation software instead of direct monitoring of the milling process with in situ 
SEM observation. This allowed us to create a well-defined and finely tailored trench 
with minimal damage of adjacent electrodes. We believe that in situ SEM observa-
tion can induce ion beam distortion and drift as a result of ion and electron beam 
interaction; thus, it is suitable for relatively large-scale milling.

Fig. 14.2 Schematic FIB milling process and UNT logo created by FIB milling (CART at UNT 
acknowledged for its permission to reproduce the UNT logo)
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14.2.2  Focused Ion Beam Deposition Process

Technological advancement in making nanoscale devices is nowadays more 
demanded as novel and superior physical phenomena in the nanostructure have 
been discovered. In particular, excellent thermal transport characteristics in 
nanoscale devices have been revealed and thus attracted a particular interest because 
of its potential in thermal management applications. Herein, we introduce a new 
way of inducing nanoscale heating to create a highly localized heat source. This 
allowed us to successfully measure Seebeck coefficient (hence thermoelectric figure 
of merit) through accurate temperature calibration of the heater and measurement of 
temperature across the suspended SiC NW [13].

In Fig. 14.3, the number 3 probe was coated with an ion beam-induced platinum 
(IB-Pt) thin stripe for measuring the Seebeck coefficient. The IB-Pt stripe was 

Fig. 14.3 Fabrication of four-point probe platform for the 3-ω thermal conductivity measurement
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manufactured by FIB deposition process at 30 kV/10 pA intensity for a finely defined 
structure. Because there should be a localized heat source to a NW for Seebeck coef-
ficient measurement (for temperature gradient), the IB-Pt thin stripe was found to be 
a better heating source than the thin stripe of Au because higher resistance (~1.7 kΩ) 
could be achieved across the IB-Pt heater stripe. This high resistance is needed to 
accurately calibrate the nanoheater (resistance vs. temperature); the change of lead 
resistance of Au electrodes during calibration will be ignored. This type of nano-
heater can also increase the sensitivity of temperature measurement due to the high 
temperature coefficient. The high resistance is attributed to an intrinsic electrical 
property of IB-Pt as it contains a higher amount of carbon that makes IB-Pt highly 
resistive to electrical conduction than a pure metal; the literature value of resistivity 
of IB-Pt is 10–20 μΩm depending on deposition condition [14].

The coated IB-Pt thin line (i.e., nanoheater) had a dimension of 
200 × 100 × 2,300 nm3. One of the strengths of this structure is that its resistance can 
be easily controlled by its geometrical configuration. We have tested the resistance 
change of the IB-Pt thin line due to the change of its geometry and obtained 17 kΩ 
for a nanoheater with a size of 200 nm × 100 nm × 25 μm. If it was scaled down to 
2.3 μm which is the same length of the nanoheater shown in Fig. 14.3, the resistance 
could be 1.56 kΩ. This value was close to the measured value of the nanoheater that 
was used for Seebeck coefficient characterization. Therefore, it was concluded that 
the IB-Pt deposition process could control the resistance of the nanoheater by defin-
ing its geometry. The resistance of one particular nanoheater fabricated by FIB 
deposition process was 1.72 kΩ at room temperature which was a good localized 
heating source for accurate measurement of Seebeck coefficient. Figure 14.4 shows 
a calibration curve which is the result of resistance change by temperature variation 
of the nanoheater. We fabricated various nanoheaters with specific resistance val-
ues. One of them was used to measure the Seebeck coefficient of a single β-SiC NW. 
Figure 14.5 shows three nanoheaters with different thickness and width created by 
IB-Pt deposition.
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Fig. 14.4 The resistance 
change by temperature 
variation of the nanoheater 
created by IB-Pt deposition. 
It shows that the resistance 
change by temperature 
variation of the nanoheater is 
36 Ω/°C (reproduced from 
[15], ©Nano Science and 
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14.2.3  Control of Nanomaterials Using a Nanomanipulator

Controlling NWs is one of the most challenging tasks, and still novel methods are 
being developed including the methods assisted by molecular, electrostatic, and 
shear forces [16–18]. Another well-known method is to use nonuniform electric 
field and polarizability of NW to place a single NW on a desired location. The so- 
called dielectrophoresis (DEP) uses a phenomenon that a polarizable material tends 
to move in a converging electrical field [19–22]. Methods employing DEP are 
required to have specifically designed electrodes (to create nonuniform electric 
field) and optimization of applied field strength and frequency. Due to the geometri-
cal constraints in the configuration of the four-point probe electrodes, it was revealed 
that DEP was not appropriate for our work, resulting in a low yield (less than 10 % 
success). Another concern is on the cleaning after using the DEP method for NW 
control, where NW-dissolved solution should be dropped on the measurement plat-
form before applying the electric field. The force created by the applied field 
attracted not only NWs but also other particles and dust inside of a droplet of NW 
solution. Careful cleaning and rinsing residues and contaminants in the measure-
ment platform should be unavoidable.

In order to overcome drawbacks in the DEP method, we used a direct approach 
to place a single NW on the measurement platform using a nanomanipulator. We 
used the van der Waals interaction between a nanomanipulator and an NW when a 
submicron-sized tip of a nanomanipulator approaches a single NW within a range 
of molecular force being effective. Before a nanomanipulator touches the NW, for 
clear viewing and easy controlling, the tip end of the nanomanipulator was sharp-
ened by a high-intensity FIB at 30 kV/1 nA. Once the nanomanipulator contacted a 
NW, an electron beam-induced Pt (EB-Pt) deposition was made between the nano-
manipulator and the NW for secure adhesion by using focused electron beam 
(5 kV/98 pA e-beam intensity). Then, we could obtain a single NW by withdrawing 
the nanomanipulator with high acceleration. Omniprobe (AutoProbe™ 200) nano-
manipulator (Omniprobe, Inc.) attached to the FIB machine (FEI Nova 200 
NanoLab) was employed for this technique, and a motion control system of the 
nanomanipulator was extremely accurate and repeatable within 100 nm of stage 

Fig. 14.5 IB-Pt thin lines (nanoheaters) whose lengths were ~2 μm and diameters were a few 
hundred nanometers. Each bar in the images is 2 μm long
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displacement over the entire range of motion. Figure 14.6 shows SEM images of a 
single NW obtained and placed on the four-point probe measurement platform by 
the nanomanipulation technique in series of steps. This direct manipulation tech-
nique was also applied to obtain specific NWs of the same material to compare their 
geometrical influences to thermal conductivities [23].

The four contact points between the NW and the probe electrodes were fully 
covered by EB-Pt deposition. This allowed for the reduction of the contact resis-
tance between the NW and the electrode at each contact point. After the EB-Pt 
deposition on the contact points, the NW sample was annealed at 400 °C under high 
vacuum (10−6 Torr) to further minimize the electrical contact resistance. It has been 
reported that the annealing step could remove the voids in the contact points between 
the NW and probe electrodes [24].

14.3  Electrical and Thermal Conductivity

The one-stop measurement setup is depicted in Fig. 14.7. Electrical and thermal 
conductivities and Seebeck coefficient could be measured in this one-stop measure-
ment platform in situ. The measurement platform consists of the four-point probe 
and nanoheater. A lock-in amplifier (Stanford Research System SR850) was con-
nected to the measurement system to read 3-ω signals for thermal conductivity mea-
surement. An alternating current (AC) source (Keithley 6221) was used for a stable 
current supply. In addition to providing a stable current, the compliance setting of 
the current source could prevent any undesirable overshooting as any unwanted 
high current density might damage the placed NW.

In order to measure the thermal conductivities of individual NWs, microfabrication- 
assisted device structures have been suggested [25–29]. We used the 3-ω method in 
this study. The 3-ω method is based on a four-point probe system, which enables 
measurements of magnitude and phase of third-harmonic signal for one-dimensional 
sample subject to AC modulated at the fundamental frequency of ω. As a 

Fig. 14.6 A single β-SiC NW was obtained from a host of bundles or substrates using the nano-
manipulator and placed on the four-point probe measurement platform. At the last step, the contact 
points with the probe were covered with EB-Pt deposition

K.-M. Lee and T.-Y. Choi



367

time-independent frequency-domain technique, the 3-ω method can effectively 
eliminate spurious signals because a narrow-band detection technique is employed. 
This in turn enhances signal-to-noise ratio which allows for more accurate signal 
reading. Thus, the 3-ω method has been employed in various fundamental thermal 
characterizations including measurement of thermal conductivity for CNTs and bulk 
structure [30–32]. The third-harmonic amplitude created as a response to an applied 
AC current with a fundamental frequency has information about the 1D sample’s 
thermal conductivity as shown in the following equation [31, 33]:
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where L, R[=R0 + R′(T − T0)], and A are length, electrical resistance, and cross- 
sectional area of NW, respectively. R′ is the temperature coefficient of resistance at 
room temperature defined as (dR/dT)room temp. and k is the thermal conductivity of 
NW. The advantage of this method can minimize the uncertainty due to the contact 
resistance which is present in the conventional two-point probing method.

The electrical resistivity of the β-SiC NW was measured to be ∼4.45 × 10−3 Ωcm 
from the first-harmonic AC signal (1 kHz) and geometry of the NW (diameter of 
60 nm and length of 1.5 μm). From the measured third-harmonic signals, we have 
estimated the thermal conductivity to be 82 ± 6 W/mK. The third-harmonic signals 
as a function of AC current amplitude at 1 kHz detected by the lock-in amplifier are 
shown in Fig. 14.8a. The data were best-fitted according to (14.1) and the result of 
the matching exponent of 2.83 was obtained. This value was very close to the theo-
retical value of 3.

Fig. 14.7 Four-point probe measurement setup for electrical and thermal conductivities and 
Seebeck coefficient (reproduced from [13], ©Springer)
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In order to obtain the thermal conductivity of NW by the 3-ω method, the tem-
perature coefficient (resistance change by temperature variation) should be known 
according to (14.1). In the temperature range of 28.6–30.2 °C, the resistance change 
by temperature variation was measured at −21.9 Ω/°C (Fig. 14.8b). The negative 
sign is verified by the fact that SiC nanowire is semiconducting.

14.4  Seebeck Coefficient and Figure of Merit

Seebeck coefficient, S, was measured immediately after characterizing the thermal 
conductivity. For a semiconductor, Seebeck coefficient can be written as [13]
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where Ec is the conduction band energy, EF is the Fermi energy, e is the electron 
charge, kB is the Boltzmann constant, and T is the temperature. As seen in (14.2), 
Seebeck coefficient can be maximized when EF is located inside the bandgap. 
However, lowering EF to increase the gap induces reducing electrical conductivity. 
This will have the adverse effect on the thermoelectric figure of merit, which can be 
written as Z (=S2σ/κ) where σ is the electrical conductivity and κ is the thermal con-
ductivity. Therefore, in an n-type semiconductor such as β-SiC NW, the optimal con-
dition for a large value of Seebeck coefficient is that Fermi level should be close to 
the band edge without lowering an electrical conductivity. In this study, Seebeck 
coefficient was obtained from a voltage change by a thermal gradient across the NW 
such as S = −(dV/dT) = −(ΔV/ΔT). The thermal gradient was established by a local-
ized heating source created by IB-Pt. The localized heating source (nanoheater) was 
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Fig. 14.8 (a) 3-ω voltage signals as a function of current, I0, obtained at room temperature; (b) the 
resistance change by temperature gradient of a single β-SiC NW (reproduced from [13], ©Springer)
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made of a thin line through IB-Pt deposition. The calibration for the resistance 
change by temperature change of the nanoheater was conducted to find an actual 
temperature of the heater when an electrical current is applied. Keithley 6221 AC/DC 
current source and Keithley 2182A nanovoltmeter were used to find the resistance 
change of the heater as the temperature increases. An electrical power from a power 
supply was provided to an aluminum (Al) block through the cartridge heater. A tem-
perature sensor was used to read the temperature of the sample and Al block when an 
electric power was given to the cartridge heater. A high-speed A/D (analog- digital) 
converter (AD7760) was used to transfer and control analog signals such as power 
and temperature via LabVIEW® program in a computer. The data flows between a 
computer and A/D converter were made through a serial (e.g., USB) interface.

The measured value of resistance change by temperature gradient of the nano-
heater was revealed to be 36 Ω/°C. From the calibrated value of resistance change 
by temperature gradient of the nanoheater, we could determine the temperature vs. 
applied current. Once the temperature of the nanoheater was known, the voltage 
drop was measured between the two inner probes out of the four-point probes. This 
revealed the voltage change by temperature gradient between the two inner probes 
(i.e., the nanoheater and the probe across the trench). Voltage and temperature dif-
ference, ΔV and ΔT, were measured to be 2.015 × 10−3 V and 1.67 °C. Thus, the 
Seebeck coefficient of the placed NW was −1.21 mV/K from the definition, S = −
(dV/dT) = −(ΔV/ΔT). Finally, the dimensionless thermoelectric figure of merit, ZT 
(=S2σT/κ), was estimated to be 0.12 from all the measured values of σ, κ, and S at 
room temperature.

14.5  Conclusions

For measurement of thermal properties of a single NW, we developed a one-stop 
measurement platform consisted of four-point probes and nanoheater. Combining 
FIB and nanomanipulator, we placed a freestanding single NW (i.e., β-SiC NW) on 
the specific location of the measurement platform. Subsequently, its thermoelectrical 
properties such as electrical and thermal conductivities and Seebeck coefficient were 
measured. From the obtained data, the dimensionless thermoelectric figure of merit 
was also estimated. This FIB-assisted nanoscale processing would allow us to make 
more accurate thermoelectrical measurements of nanostructures such as NW and 
nanotube and to have better fundamental understanding of their thermal behaviors.
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Abstract In this chapter we briefly review the techniques available to researchers 
in the nanofluidic domain to fabricate nanopores and nanochannels. In this context 
the focused ion beam (FIB) technique will be introduced as a useful and versatile 
tool for nanofluidics. We illustrate it with two specific examples involving nano-
pores as building blocks for nanofluidics.

15.1  Introduction

Nanofluidics is an emerging topic that has come into its own quite recently from the 
more established field of microfluidics. Nanofluidics is a branch of nanoscience and 
has great potential for numerous applications such as biotechnological devices [1], 
fluidic operations, and even energy conversion [2]. From the point of view of “lab on 
a chip” systems, decreasing the length scale considerably increases the sensitivity of 
analytic techniques, with the ultimate goal being isolating and studying individual 
macromolecules (e.g., DNA elongation [3], DNA capture [4]). Moreover, nanomet-
ric length scales allow new fluidic functionalities to be developed, which benefit 
from the predominance of surface sites: water desalination [5], pre- concentration 
phenomena [6], nanofluidic transistors [7], as well as capillary filling.
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From a different perspective, nanofluidics also carries the hope that new properties 
will emerge by benefiting from the specific phenomena occurring at small length 
scales: new solutions may be obtained where the behavior of matter departs from 
common expectations.

Finally, it is also important to note that nanofluidics has appeared recently as a 
scientific field, thanks to the substantial development of nano-fabrication technolo-
gies, now allowing specifically designed devices to be fabricated, for example, elec-
tron beam lithography (EBL), focused ion beam (FIB), nano-imprint lithography
(NIL), or UV and X-ray lithography. There was also a considerable progress made
over the last two decades in developing new instruments and tools that give the pos-
sibility of investigating fluid behavior at the nanometer scale. It is now possible to 
control/design what is occurring at micronic and submicronic length scales and 
observe/measure their effects.

15.2  Tools for Nanosystems Prototyping

Conventional photolithography is undoubtedly the most widely used manufacturing
method for the production of micro- and nanosystems. This parallel process pro-
vides very high efficiency for high-volume production but can be very expensive for 
the realization of micro- and nanochannels into glass or silicon substrate. The use of 
this method requires the fabrication of a photomask (PM) and the deposition of a
photoresist (PR) (Fig. 15.1a), which involve several technological steps: PM con-
ception/realization and PR deposition, baking, insulating, and developing [8]. 
Typically, nanofluidic channels are made by using a conventional lithography step 
followed by dry or wet etching to define the depth of the channel [9]. Due to the 
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Fig. 15.1 Brief schematic description of (a) conventional lithography and (b) projection lithography
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limitations inherent to conventional lithographic processes, almost all nanofluidic 
devices have simple geometries with only one nanometric dimension, the channel 
depth. Indeed, the minimum lateral dimension that we can reach with this method is 
a function of the wavelength of the UV lamp (in general between 365 and 405nm),
R = 3(λ⋅S)1/2/2, with R as the resolution, λ the wavelength, and S the distance between 
PM and PR, corresponding to a resolution between 300 and 500 nm. Significant
advances have been made to improve the resolution of the conventional photolitho-
graphic process by using phase-shifting masks in place of the conventional binary 
intensity masks. Currently, the projection optical photolithography (POL or stepper
photolithography) is the most common industrial technique for making integrated 
circuits [10]. Briefly, the stepper consists of several parts, as we can see in Fig. 15.1b:

• A light source (usually a mercury-vapor lamp)
• A condenser lens to image the light source on the mask (also called reticle)
• The mask, which contains the pattern
• The projection lens, which reduces (generally 5×) the image of the mask onto the 

substrate
• The substrate

Improvement of the resolution will only be possible with the development of new 
patterning tools not limited by the UV wavelength. For example, electron beam
lithography (EBL) has been developed to write and design reticles directly onto a
PR. EBL uses a focused electron beam to expose an electron-sensitive resist and has
been applied to fabricating nanochannels with submicron sizes in the “x” and “z” 
directions (Fig. 15.2) [11]. This direct-write lithography approach confers great ver-
satility and power: no need for a physical mask, rapid prototyping of small chips, 
and the ability to produce nano-devices smaller than the state-of-the-art conven-
tional photolithography. EBL could be a tool that combines a reasonable writing
speed with a high level of integration. Recently, a sub-10 nm half-pitch resolution
using a negative PR has been successfully demonstrated with this method [12]. 
Moreover, a 30 nm pitch array of SiO 2 pillars by combining EBL, lift-off process,

Fig. 15.2 Brief schematic 
description of electron beam 
lithography
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and reactive ion etching process has been demonstrated [13]. Like conventional
lithography, special resists are required and a wet or dry etching step is used to trans-
fer a pattern onto a substrate. Generally, as it is a sequential process, the fabrication 
protocol itself limits the structural control and the resolution to the final structures. 
In fact, the control of the homogeneity and stability of the PR film, the development
step, and the etching process are the most critical steps to improve the resolution of 
designs. Another effect that can limit the resolution of this technique is the interac-
tion between electron scattering with each other and with atoms in the resist.

An alternative means to improve resolution is to directly machine devices onto 
the surface by using ion milling. The development of the liquid metal ion source 
(LMIS) in the late 1960s [14] and middle 1970s [15] and its application for focused 
ion beam (FIB) in the late 1970s [16] has resulted in a powerful tool for research 
and for industry. Several liquid metal ion sources have been made and most FIB
LMIS use gallium. In practice, the usual method is to place a supply reservoir onto
a tungsten needle that has been electrochemically etched to a suitable shape 
(Fig. 15.3a). Small natural defects on the surface of the needle carry the liquid metal
from the reservoir to the end of the needle. The emission of ions is then initiated by 
placing a voltage between the needle and an extraction electrode, which results in 
the formation of a Taylor cone (Fig. 15.3b).

The FIB tool exhibits two main characteristics: material removal from a sample’s 
surface by sputtering and material deposition onto a sample’s surface by ion-induced 
reactions at submicron dimensions. Not surprisingly, FIB has become the tool of 
choice in failure analysis, defect characterization, design modification, and process 
control in a variety of industries. The three major historical categories of use are (1) 
integrated circuit review and modification, (2) transmission electron microscopy 
(TEM) sample preparation, and (3) thin film head (TFH) manufacturing. There are
of course other uses of FIB and in particular for ion beam lithography. FIB lithog-
raphy has significant advantages over the electron beam counterpart in terms of 
resist sensitivity, backscattering, and proximity effects. As a consequence, a higher 
resolution can be obtained with FIB as the pixel size is quasi equal to the beam spot 

Fig. 15.3 Schematic descriptions of (a) the gallium source and (b) the gun
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size and no exposure occurs between pixels, hence allowing a short dwell time on 
each pixel. Another specificity of the FIB tool is the possibility for maskless and 
resistless structuring. It allows the three-dimensional patterning of various shapes 
directly onto a substrate due to a very fine control of the local ion dose during the 
surface scan. Practically, the exposure time at each point, or dwell time, determines
the sputtering depth so that 3D structures can be made.

15.3  FIB for Manufacturing Nanochannels and Nanopores

As we have shown in the previous section, patterning with FIB is a direct process to 
create nano-devices. Although this technique is slower than the conventional lithog-
raphy, it should be expected to provide a methodology for research laboratories for 
the production of nanofluidic devices with a great reproducibility, versatility, and a 
very fast conception/fabrication. The use of FIB for the direct patterning of nanoflu-
idic systems has been investigated. Nanofluidic channels with lateral dimensions as 
low as 20 nm have been fabricated by milling various substrates (silicon or glass)
with a focused Ga+ ion beam [17, 18]. Several strategies have also been used to
generate nanochannels for nanofluidic studies in the 5–300 nm range [19–21].
Equally, nanopores have also received a lot of attention in recent years for their

potential applications as low-cost, high-throughput biosensors and membranes for 
filtering, desalination, and energy generation [5, 22–24]. Solid-state nanopores open
the way to the study of the confinement, dynamics, and transport properties of single 
macromolecules at nanometric scales with a very high spatial resolution and high 
sensitivity. It has been demonstrated that by monitoring the ionic current across a 
nanopore, the translocation of nano-particles or biomolecules such as DNA, proteins, 
and viruses can be detected. In fact, a partial blockage of a pore by a target object 
leads to a transient downward pulse of ionic current, the magnitude and duration of 
which is directly related to the physical properties of the target (e.g., diameter and 
length) or its interaction with the pore surface. Today, the most promising technique 
for the realization of such nanopores is the local/direct milling obtained by FIB.

15.4  FIB Processing for Nanopore Fabrication

FIB instruments can be used for milling, deposition, implantation, and imaging 
depending on the peripheral equipment in addition to the ion source and column. 
However, in this chapter only the milling aspect of FIB will be developed and dis-
cussed. For material removal, “milling,” when the ion beam is incident on a solid 
surface, a transfer of kinetic energy from the incident ions to the surface and near 
surface atoms will take place in the irradiated zone. If this energy is greater than the 
surface binding energy, the surface atoms will be sputtered away from their initial 
location. This knock-on sputtering is the primary mechanism for material removal 
and its efficiency is normally represented by the sputter yield, defined as the number 
of atoms ejected from the target surface per incident ion. The sputter yield is 
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material dependent and is also a function of the ion species, ion energy, ion beam/
surface angle of incidence, and beam/crystallite orientation [25].

In this chapter only one material system will be considered, specifically thin sili-
con nitride (SiN) membranes. The examples presented below have been performed
on a FIB/SEM system equipped with a Ga liquid metal ion source producing Ga + 
ions with an emission current of 2.1 μA. The ion column is a SIINT Zeta column
operated at 30 kV and able to generate beam currents from 0.1 pA to 45 nA. The
electron column is a Zeiss Gemini column and the instrument belongs to the Zeiss
NVision 40 product line.

Figure 15.4 shows the different parameters that govern the milling efficiency and 
precision for a given material system. The ion species, energy, and probe current are 
determined by the choice of ion source and ion optics with the user of a given instru-
ment being able to choose the energy and probe current of the ion beam. As a gen-
eral rule high energies and low beam currents give the highest milling precision 
(spot size); however, low ion currents mean longer milling times. The scanning 
software and electronics allow a further control over the milling precision by con-
trolling the number of increments the beam passes through within the scanned area 
(pixel resolution), how long the beam rests at each step or pixel (dwell time), the 
beam diameter with respect to the pixel size (beam overlap), the number of times the 
beam scans over a given line and/or frame, and finally the path that the beam follows 

Fig. 15.4 Key parameters for direct ion beam milling
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(scan style). In the following example the effect of these parameters on the form of 
nanopores milled into a thin SiN membrane, 50 nm, and a thick SiN membrane,
1 μm, will be demonstrated.

15.4.1  Thin Silicon Nitride Membrane

The simplest strategy to fabricate nanopores using an ion beam is the “one-spot 
milling” where the ion beam is positioned at the location where the pore is to be 
pierced and remains there until the pore traverses the membrane. The final diameter 
of the pore is controlled by the ion beam diameter (beam energy/current couple), the 
dwell time per pore, and the thickness and composition of the membrane. For a 
50 nm thin SiN membrane, the pores of increasing diameter have been pierced by
increasing the beam current from 0.1pA up to 80pA. As can be seen from the TEM
micrographs in Fig. 15.5, the pores are not perfectly circular. This is in part due to a 
non-optimized focus and astigmatism of the ion beam. The non-circularity is par-
ticularly noticeable for the lowest ion beam current (0.1 pA) and higher ion beam
currents (>1 pA) due to the poor image signal at low currents and the rapid milling 
of the thin membrane during ion beam imaging for the higher currents. From a prac-
tical operator’s point of view, the 1 pA beam current offers enough secondary elec-
tron signal to optimize the focus and astigmatism without over-milling the sample.

To achieve the ultimate milling resolution for nanopores in membrane materials 
(pore diameter <10 nm) with a Ga LMIS ion column, then the one-spot method
offers the best results. A single-column FIB system with an optimized Ga LMIS
source and ion optics (short ion beam focal distance, non-tilted sample, and high 
beam energy, 35 keV) has been developed [26]. By combining the accurate sample 
stage control developed for electron lithography instruments with an optimized ion 
beam, arrays of nanopores with a diameter of 3 nm can be fabricated [27].
However, for more fundamental studies of fluidic phenomena at the nanoscale,

commercial FIB/SEM systems offer a highly flexible tool to create and measure
nanopores as demonstrated for the case of solid-state nanopores detailed in the fol-
lowing section. Rather than keeping the beam at an established position and varying 
the probe current to define the diameter of the pore, the probe current is fixed at 1 pA 
(for the reasons described above) and then scanned over the membrane in the form of 
a circle with a diameter defined by the scan software. Using this method, one is able
to create circular pores with a good control of the diameter in the 100–500nm range.

Fig. 15.5 Pattern milling in SiN thin membrane (50nm) by using various spot sizes: (a) 0–0,3 pA,
(b) 1 pA, (c) 10 pA, (d) 40 pA, and (e) 80 pA
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15.4.2  Thick Silicon Nitride Membrane

Before developing further the study of a nanopore in a thin SiN membrane, the case
of thick membrane (1 μm) will be very briefly reviewed. For thicker membranes the 
importance of the ion–solid interaction is closer to that of bulk samples where one 
might “mill” nano- or micro-channels. For this type of sample, the parameters illus-
trated in Fig. 15.4 play a more critical role on the final “quality” of the milled form. 
For the case of a homogeneous and amorphous material, the spread of the beam in 
the sample, the sputtering yield, and related redeposition will have an effect on the 
final aspect ratio of the pore/channel. In this chapter only the case of the scan style 
will be shown; however, the reader is encouraged to refer to numerous review papers 
in the literature for more detailed discussions of the influence of the various param-
eters on ion beam milled structures [28].

Figure 15.6 shows various scan protocols for charged particle beams, with the 
standard raster scan being the most familiar to those with experience in scanning 
electron microscopy. The cross-sectional SEM image in Fig. 15.7 showing five 
milled cylinders using the four available scan methods of the ion beam on the FIB/

Fig. 15.6 Various scan methods: (a) standard raster scan (b) serpentine scan, (c) line scan, and (d) 
double serpentine scan

Fig. 15.7 Pattern milling in SiN thick membrane (1μm) at 1 pA by using the same ion dose (1nC/
μm2). Comparison of cross sections between standard, serpentine, double serpentine, and line scan
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SEM used for this work demonstrates how the scan method for the same dwell time,
probe current, and ion dose alters the shape of the cylinder. The standard scan results 
in a nonplanar floor as the beam always scans in the same direction (left to right in 
Fig. 15.6a). The serpentine scan gives a level floor but results in an increased rede-
position on the sidewalls, resulting in a more conical shape. This effect is further 
enhanced for the line scan method, whereas the double serpentine scan gives the 
best results for this particular material system.

15.5  Nanopores as Nanofluidic Building Blocks:  
Two Examples

We now illustrate the versatility of FIB-designed nanopores as building blocks for 
nanofluidic applications. By essence, nanofluidics involves the transport of fluid 
inside nanoscale pipes. FIB-designed nanopores thus constitute a model system 
with nanometric dimension, in which water and ion transport may be studied. We 
will exemplify it by exploring ion conduction in solid-state nanopores and demon-
strate the existence of anomalous entrance effects in pores of nanometric size. In a 
second example, we will demonstrate that drilled nanopores may be used as an 
elementary item to build hierarchical transmembrane nanofluidic devices.

15.5.1  Large Apparent Electric Size of Solid-State Nanopores

In this section, we present experimental results that show unexpectedly large ionic 
conduction in solid-state nanopores, originating from anomalous entrance effects [29].

Recently, ion transport in nanochannels with a channel length much larger than 
the channel height or diameter has been exhaustively investigated as a function of 
size and ionic strength (see, for example, [30, 31]), and a good understanding has 
now emerged. Altogether ion conduction was shown to be a combination of bulk 
and surface contributions; while bulk conduction is attributed to ions inside the bulk 
of the pore, surface conduction arises due to excess counter ions close to the surface 
and screening the surface charge, the so-called electric double layer (EDL) [31, 32]. 
Accordingly, at high salt concentration the ion conduction is mainly determined by 
the bulk conductivity, κb, but at low salt concentration, the surface conduction, 
determined by the surface conductivity κs, becomes dominant over the bulk conduc-
tion, leading to a saturation of the measured ion conductance. This crossover occurs 
for nanochannel cross sizes lower than the so-called Dukhin length, defined as the 
surface to bulk conductivity ratio, lDu = κs/κb [32, 33].

In contrast, ion transport in nanopores pierced in thin membranes is paradoxi-
cally far more complex than in nanochannels. Indeed, due to a much smaller aspect 
ratio, ion transport cannot be reduced to a one-dimensional view as for a nano-
channel, and the three-dimensional nature of a nanopore makes it difficult to 

15 FIB Design for Nanofluidic Applications



382

comprehend ion transport in a nanopore on the basis of simple electric analogies. 
Several approximated forms were proposed in an attempt to account for the com-
plex three-dimensional (3D) entrance geometry of the pore. For example, Hall [34] 
suggested that the access resistance of a pore could be accounted for by considering 
a semispherical cupola as an effective electrode [34, 35] leading to a nanopore con-
ductance behaving as
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The second term in the right-hand side of this equation accounts for the entrance 
effect; κb is the bulk conductivity and L and D are the length and diameter of the 
nanopore, respectively. This result assumes that the resistance of the nanopore is the 
sum of the resistance inside the pore, plus the entrance resistance that behaves typi-
cally like (Dκb)−1. Therefore, this entrance effect has merely a geometrical origin.

The access resistance has received more attention in recent years, as nanopores 
pierced in ultrathin membrane, like graphene, emerged as a new class of nanopore 
with enhanced performance [36, 37]. On the other hand, there have been few studies
as to how surface effects contribute to the conductance in a nanopore [38, 39]. We 
show here that the 3D nature of the nanopore opens a new conductance path that 
plays a key role for the conductance at low ionic concentration.
We fabricated nanopores by drilling SiN membranes, 100 nm in thickness, with

pore diameters D of 140, 160, 250, 430, and 520 nm. The ion conductance through
the nanopore was measured in a home-built flow cell with the pierced membrane 
separating two fluidic reservoirs, Fig. 15.8a. Potassium chloride solutions with con-
centrations varying between 5 ×10−5 and 1 M (mol/L) were considered (with fixed
pH 6), and the voltage was imposed using Ag/AgCl electrodes. For all experimental
data points, the salt concentration Cs was obtained from independent bulk

Fig. 15.8 (a) Schematic of a flow cell and (b) measured conductance over varying salt concentra-
tions in nanopores with different diameters. As a comparison, the predicted conductance in (15.1) 
is plotted together as dashed lines
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conductivity measurements. The experimental data for the measured conductance 
are shown in Fig. 15.8b for a wide range of salt concentrations and various nanopore 
diameters. An interesting feature of these results is that the conductance depends 
markedly on the pore diameter for large salt concentrations but appears to converge 
to a similar value for low salt concentrations. The predicted conductance accounting 
for the geometric access effect in (15.1), using the bulk conductivity κb measured 
independently, is plotted in Fig. 15.8b as a comparison with experimental data.

At high salt concentrations, the experimental results are in good agreement with 
the prediction, involving the geometrical entrance effect discussed in (15.1). 
However, at salt concentrations lower than ~10 −2 to 10 −3 M, a deviation from the 
predicted conductance becomes apparent and (15.1) underestimates strongly the 
measured conductance by up to one order of magnitude. Therefore, this first 
approach fails to reproduce the experimental results.

The observation of a large conduction in a nanopore at small concentration points 
to a more complex scenario than that of nanochannels. The understanding of this 
effect requires fully revisiting the 3D conduction paths inside and outside the nano-
pore and points to an unforeseen conduction mechanism.

As we showed in [29], because of the 3D nature of the nanopore, surface conduc-
tion effects do extend spatially outside of the pore. The key point is that field lines 
outside the pore are perturbed due to surface conduction effects inside the pore. To 
highlight this effect, Fig. 15.9 compares typical electrical map without (a) and with 
(b) a surface charge inside the pore, as obtained with finite-element calculation [29]. 
This shows that the surface charge perturbs the electric field and the corresponding 
electric current streamlines far from the pore, well into the bulk of the reservoirs. 
The typical extension of the perturbation is typically given by the Dukhin length lDu 
introduced above.
The origin of this phenomenon is the following. Surface transport of ions requires

that current and ions should be supplied within the diffuse interface to obey charge 
conservation, thus bending the electric streamlines toward the pore surface, as 

Fig. 15.9 (a) Contour lines of the electric potential across a typical pore (L = D =100 nm) (a) 
without surface charge and (b) with surface charge (Dukhin length lDu ~3D); (c) sketch of the 
electric field lines inside and outside of the pore
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sketched in Fig. 15.9c. Khair and Squires pointed out this mechanism in a simple
semi-finite geometry with a step charge in the surface conductance [33] highlight-
ing the constraints imposed by conservation of electric current at the surface of the 
pore. In this context, the Dukhin length lDu plays the role of a “healing length.”

In the 3D geometry of a pore, this problem is of considerable complexity. 
However, a perturbation analysis for the electric field equations can be proposed,
which provides an analytical expression for the entrance effect for the conductance; 
see [29] for details. The results of this analysis can be in fine interpreted in a simple 
way: it shows that the entrance effect in the conductance, corresponding to the 1/D 
term in (15.1) in line with Hall and Hille result [34, 40], should be replaced by an 
effective entrance effect, with the diameter replaced by an apparent one: Dapp = D + β ▫ 
lDu (with β ▫ ~1 some numerical prefactor). This term results from the 3D perturba-
tion of the electric field lines outside of the pore. More precisely the expression for 
the global conductance of the nanopore is found as
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with α and β as two numerical constants (~2). This expression was checked exhaus-
tively against numerical finite-element calculations [29]. Some limiting behaviors
of the above results are interesting to discuss. In the limit of large Dukhin lengths 
lDu ≫ D, which occurs for low salt concentration, cs →0, and/or large surface charge
|Σ|, then the conductance behaves as
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Therefore, the present mechanism indeed predicts a saturation of the conduc-
tance for small concentration, which stems from the fact that Dapp ≫ D in this limit. 
Furthermore, the conductance in this limit is shown to depend only on the aspect 
ratio L/D of the pore but not explicitly on the diameter D. In a counterintuitive way, 
small pores can conduct as efficiently as large pores.

We have compared the above predictions with the results of the experimental 
work. In Fig. 15.10, the measured conductance is compared with (15.2). We used 
α = β = 2 and the bulk conductivity κb measured independently [29]. The only remain-
ing free parameter, κs, was tuned to κs=0.8 nS to obtain best agreement. As seen in
Fig. 15.10, several key features observed in the experimental results such as a transi-
tion from bulk conductance dominated regime to surface conductance dominated 
regime and a saturation of the conductance at low salt concentration are well pre-
dicted by (15.2). Overall, the agreement between the predicted value and experimen-
tal results is good. A slight deviation at intermediate salt concentrations is observed 
for the 140nm diameter pore, which might be attributed to its observed conical shape.
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Altogether our results show that the transport of ions in solid-state nanopores 
exhibits complex features, which strongly depart from what is observed in nano-
channels. The three-dimensional nature of the system couples to the surface con-
duction inside the nanopore to induce unexpected electrical access effects that 
cannot be neglected. This is shown to lead to an anomalously large ion conductance 
at small ion concentration and/or large surface charge, whenever the Dukhin length 
is larger than the diameter D.
Such a situation will occur for highly charged and very small nanopores. This is

the case of most biological transmembrane systems, even for relatively large salt 
concentration. Furthermore, electric entrance effects should be also taken into 
account when interpreting quantitatively translocation experiments of nano- particles 
and molecules through solid-state or biological nanopores. Indeed our results show 
that the global conductivity of the pore involves information over a region which 
extends on a size Dapp, which can be much larger than the bare geometric size of the 
pore. Consequently, the sensitivity to translocation events, which is usually mea-
sured via ion current variations, should therefore integrate the corresponding infor-
mation outside the pore. In particular, one expects that charged molecules or 
nano-particles will follow the perturbed electric field lines at the entrance of the 
pore. Their influence is accordingly expected to be monitored far beyond the pore 
entrance, thus limiting the spatial resolution of such a technique. This is particularly 
relevant in view of the recent efforts to use ultimately thin nanopore devices such as 
pierced graphene sheets [37, 41, 42].

15.5.2  Composite Nanosystems: Transmembrane Nanotubes

We now turn to a second example of the versatility of FIB-drilled nanopores, show-
ing how these may be used as a building block for new nanofluidic devices on the 

Fig. 15.10 Comparison
between the measured 
conductance (solid line) 
and the predictions (15.1) 
(dashed line), in nanopores 
with different diameters  
of 140, 160, 250, 430, and
520 nm. The only free
parameter to fit all 
experimental data is the 
surface conductance, which 
was fixed to κs=0.8 nS  
obtain the best agreement
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basis of nanostructure assembly. Among various nanosystems for nanofluidic 
applications, nanotubes represent ideal structures which combine the nanoscale 
dimension with a perfect crystalline structure. In particular hydrodynamic flow 
inside carbon nanotubes was shown to be nearly frictionless [43], a phenomenon 
which could be interpreted theoretically in terms of the superlubricity of the water–
carbon interface [44]. In order to make progress in this field, exploring fluid trans-
port inside a single nanotube is therefore highly desirable. However, a key difficulty
is to integrate these nanotubes inside a fluidic system, amenable for fluid transport 
measurements.
Here, we show as an example a new route leading to hierarchical transmembrane

nanofluidic devices. The idea is to use a nanopore pierced in a silicon nitride (SiN)
membrane as a matrix to host a nanotube, like a mortise and tenon joint.
The first step of the assembly is to drill a hole with a diameter between 100 and

200 nm through the SiN membrane by using FIB. Then we use an electrochemically
etched tungsten tip as a support, at the extremity of which we glue an individual 
multiwalled nanotube. This system is manipulated using a homemade nano- 
manipulator consisting of five axe piezo-inertial motors (Attocube ANPx-z51 and
Attocube ANR51), which allow to realize the insertion of the nanotube into the 
membrane with nanometer resolution. These insertion and manipulation steps are 
carried out in situ in a scanning electron microscope (SEM). Figure 15.11 presents 
an example of an insertion of a nanotube (here, a boron nitride nanotube, BNNT) 
inside a nanopore by nano-manipulation. Once the BNNT is introduced, the tube is
sealed to the hole using cracked naphthalene (C 8H8) inserted using a gas injection 
system (GIS) and decomposed under e-beam irradiation. We checked independently
that this sealing is water impermeable and electrically insulating. Retracting the 

Fig. 15.11 Insertion steps of a boron nitride nanotube inside a drilled nanopore to obtain a trans-
membrane nanotube for nanofluidic measurements

R. Fulcrand et al.



387

tungsten tip from this position forces a telescopic sliding of the internal walls of the 
nanotube (see Fig. 15.11).

At the end of this nano-manipulation process, we obtain a transmembrane nano-
tube, with both extremities opened. The quality and inner diameter of the nanotubes 
are checked and measured a posteriori using transmission electron microscopy 
(TEM). The transmembrane nanotube is then squeezed between two reservoirs,
allowing for nanofluidic measurements.
Using this hierarchical system, the ion transport was probed inside single BNNT

under voltage drop, pressure drop, and salt concentration difference and combina-
tion of these. Measurements of ion transport under differences of salinity in the two 
reservoirs demonstrated the generation of giant electric current induced by osmotic 
salt gradients [45]. This suggests that osmotic energy conversion through BNNT 
membranes constitutes a new asset in the search of renewable source of energy.

Beyond the questions of energy, the route proposed here could be extended to 
develop new hierarchical nanofluidic systems with increased complexity.

15.6  Conclusion

The focused ion beam technique has clearly found its place among the more com-
monly used photo and electron beam lithography as a tool for researchers in the field 
of nanofluidics. FIB combined with an SEM in commercial two column FIB/SEM
systems offers a highly flexible method to fabricate nanometric structures in a one-
step process as well as to characterize their spatial dimensions via the high- resolution 
SEM. The versatility of this method gives the opportunity to the researchers to create
an infinite variety of shapes in the nanoscale range, thus opening up the possibility to 
tailoring molecule-specific porous membranes. Whether focused ion beams will have 
a role to play in industrial scale manufacturing is yet to be seen, but the development 
of new ion sources or projection methods means that the question remains a legiti-
mate one. We hope that this chapter convinces the reader that FIB is and will continue 
to be among the fabrication techniques in a nanofluidics researcher’s “toolbox.”
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    Abstract     Stent implantation is a percutaneous interventional procedure that 
 mitigates vessel stenosis, providing mechanical support within the artery and as 
such a very valuable tool in the fi ght against coronary artery disease. However, 
stenting causes physical damage to the arterial wall. It is well accepted that a valu-
able route to reduce in-stent re-stenosis can be based on promoting cell response to 
nano- structured stainless steel (SS) surfaces such as by patterning nano-pits in SS. 
In this regard patterning by focused ion beam (FIB) milling offers several advan-
tages for fl exible prototyping. On the other hand FIB patterning of polycrystalline 
metals is greatly infl uenced by channelling effects and redeposition. Correlative 
microscopy methods present an opportunity to study such effects comprehensively 
and derive structure–property understanding that is important for developing 
improved patterning. In this chapter we present a FIB patterning protocol for nano-
structuring features (concaves) ordered in rectangular arrays on pre-polished 316L 
stainless steel surfaces. An investigation based on correlative microscopy approach 
of the size, shape and depth of the developed arrays in relation to the crystal orienta-
tion of the underlying SS domains is presented. The correlative microscopy proto-
col is based on cross-correlation of top-view scanning electron microscopy, electron 
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backscattering diffraction, atomic force microscopy and cross-sectional (serial) 
 sectioning. Various FIB tests were performed, aiming at improved productivity by 
preserving nano-size accuracy of the patterned process. The optimal FIB patterning 
conditions for achieving reasonably high throughput (patterned rate of about 
0.03 mm 2 /h) and nano-size accuracy in dimensions and shapes of the features are 
discussed as well.   

16.1         Stents Overview: Design, Desired Properties, Materials 

 A stent is generally a metal mesh tube inserted into a natural passage/conduit in the 
body to prevent or counteract a disease-induced localised fl ow constriction or to 
temporarily hold such a natural conduit open to allow access for surgery [ 1 ]. The 
mesh structure allows the stent to bend and follow the blood or hollow vessels to the 
point it is required. The surface of stents is geometrically complex because of its 
mesh structure (Fig.  16.1 ). In a fi rst approximation one can assume the surface that 
is in strongest contact with the body material to be fl at—like an unrolled straw. To 
simplify the conditions we are using fl at substrates in this study.

   The key characteristics of stents are strength to withstand the peristaltic move-
ments of blood vessels, fl exibility and minimal size to reach the tiniest body tubes. 
Austenitic type 316L stainless steel can supply these desired properties and is com-
monly used for manufacturing medical implants [ 2 ], and so it is also commonly 
used as stent material, though in recent years there also have been studies on other 
alloys, containing Co, Cr and Pt [ 3 – 6 ] for higher strength and Mg as base metal for 
biodegradable stents [ 7 ].  

  Fig. 16.1    Various views on complex stent surfaces       
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16.2     Surface Treatments to Gain Desired Properties: 
Coating, Polishing, Patterning 

 There are various ways to improve the stent design in order to make it more effec-
tive. One way is coating the surface with organic and inorganic materials. This is not 
trivial with the complex geometry of the stainless steel mesh. Nevertheless this 
route is extensively studied given its benefi t of incorporating drugs into the polymer- 
based surface coating which can be eluted over time into the surrounding vessel 
material. However, there are several reasons, including concerns about increased 
risks of late stent thrombosis when using drug-eluting stents [ 8 ,  9 ], why the devel-
opment focus is likely to return to bare metal or polymer-free stent technologies [ 3 ]. 

 While from the invention of stents it was aimed for a surface as smooth and pol-
ished as possible in order to minimise abrasion and infl ammation of the body tubes, 
it becomes ever more apparent that a somewhat roughened/textured surface might 
be a better fi t for the task.  

16.3     Biomaterial–Cell Interaction: Advantages of Rough/
Patterned Surfaces 

 The infl uence of textured material surfaces on the behaviour of cells has been stud-
ied for many years by now [ 10 – 16 ]. On one hand, theoretical studies show that cells 
prefer to grow on rough surfaces in general as it imitates best naturally occurring 
surfaces [ 17 ]. On the other hand, in order to have a better control over and to mini-
mise the complexity of the experimental conditions, the natural urge to study regu-
lar patterns led scientists from rough to micro- to nano-patterned surfaces. Especially 
in tissue engineering where the tissues involved require certain mechanical and 
structural properties for proper functioning, the trend from micro- to nano- structured 
surfaces serving as artifi cially created support systems has become evident within 
the last decade [ 18 – 24 ]. Also for drug delivery the control over biointerfacial inter-
actions is often the key to biomedical applications [ 14 ]. 

 In particular endothelial, smooth muscle and fi broblast cells play an important 
role in the healing process and maintenance of cardiovascular systems and thus are 
likely to be in contact with biomedical implants such as stents and grafts. During a 
surgical procedure involving the introduction of a stent, vascular tissues in the arter-
ies may be damaged. Healing of vascular tissues is promoted by the formation of an 
endothelial cells lining on the stent substrate [ 25 ], while the presence of smooth 
muscle cells and fi broblasts may cause re-stenosis. Micro- and nano-textures on 
substrates may provide control of cell functions. Such structures could promote bet-
ter vascular cell adhesion, decrease the need for systemic administration of drugs 
and reduce the requirement for secondary surgery after stent implantation.  
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16.4     Patterning: Lithography, Electrodeposition, Dip Pen, 
Pulsed Laser, FIB 

 Recent advances in micro- and nanotechnology have allowed the patterning of sur-
faces with the desired textures for cell scaffolding [ 26 – 29 ]. Nano-texturing involves 
the creation of patterns or features with nanometre precision. The choice of the 
texturing method depends largely on the nature of the substrate that needs to be 
modifi ed and on the dimensions of the features expected. Indeed, photolithography 
was particularly successful for the patterning of features of microscopic dimensions 
on elastomers such as polydimethylsiloxane (PDMS) [ 30 – 33 ] and on polymers such 
as polystyrene (PS) [ 34 – 37 ]. E-beam lithography was used for the patterning of 
submicron features on silicon substrates [ 38 ,  39 ] and on poly(methyl methacrylate) 
(PMMA) [ 40 ]. Features of 350 nm were patterned on PDMS and PMMA substrates 
by nanoimprint lithography [ 41 ]. Metal substrates such as Ti were also textured 
using micro-machining for feature dimensions in the microscopic range [ 10 ,  42 ]. 
Cell adhesion, migration, elongation, proliferation and gene expression on textured 
substrate can be greatly altered depending on the shape and the dimension of the 
features [ 40 ]. 

 The different techniques are compared in Table  16.1 . In indirect photolithogra-
phy methods, patterns are formed over a large area using a mask [ 43 ]. Such lithog-
raphy processes are time consuming with many steps and inherently inappropriate 
for prototype designs and processes. Electrodeposition is a simple, fast and cost- 
effective method of reproducing nano-structures on many materials using templates 
made of polymers and metals. However, this method is applicable only for electri-
cally conductive substrates. Imprint lithography is a high-resolution direct tech-
nique for nano-patterning of large surfaces, but it requires moulds and is restricted 
to polymeric materials [ 44 ], but this could then be used as etch masks or fi lled with 
metal electrodeposition. E-beam lithography and lithography based on scanning 
tunnel microscopy (STM), atomic force microscopy (AFM) or dip pen are high- 
resolution mask-less procedures, but with a very low throughput and unsuitable for 
wide surface nano-patterning [ 45 ]. Interference lithography can be utilised to create 
or transfer array patterns on various metallic and polymeric surfaces, but only pat-
terned features can be reproduced. Microtexturing of surfaces has also been reported 
by pulsed laser patterning [ 46 ,  47 ]. The feature sizes are however limited to the 
micron range.

   Patterning by FIB milling is direct and offers several advantages for fl exible 
prototyping: (1) practically any substrate material that is able to withstand high 
vacuum conditions of the microscope chamber can be used, (2) there is high fl exi-
bility in the obtainable shapes and geometries by modulating the ion beam current 
and the patterning conditions, (3) reduced complexity of the patterning process, e.g. 
it is a single-step process with a possibility of real-time monitoring of the milling 
progression. Thus for any particulate type of substrate, various depths as well as 
lateral dimensions including the optimal feature size can be obtained at minimum 
number of processing steps.  
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16.5     FIB Advantages: Fast for Prototyping 

 Except FIB, none of the texturing techniques mentioned above were suitable to 
achieve features in the nanoscopic range on a hard substrate as 316L stainless steel. 
Nanoimprint lithography (NIL) and e-beam lithography (EBL) are able to pattern 
submicron features, which with NIL were achieved on soft substrates such as poly-
mers and elastomers only and with EBL is a very time-consuming and expensive 
multistep process. In this research work, FIB milling was used to create 

   Table 16.1    Advantages and disadvantages of indirect and direct nano-structuring techniques   

 Mask/
moulds 
required 

 Nano-fabrication 
techniques  Advantages  Drawbacks 

 Yes  Photolithography  Well-controlled features  Requires photoresist, spin coaters and 
organic solvents Low aspect ratio 

 High throughput  Limited to set of materials 
 Electrodeposition  Precise geometries 

and patterns 
 Require templates for creating of 

nano-structures 
 Large surface area  Limited to electrically conducting 

substrates 
 Imprint 

lithography 
 High resolution  Requires moulds 
 High aspect ratio  Applied to polymers only 
 Large surface 

 No  E-beam  High resolution  No direct writing on substrate 
 Precise geometry 

and patterns 
 Multistep process 
 Low throughput 
 Requires vacuum 
 Time consuming 
 Small surface coverage 
 Expensive 

 Interference 
lithography 

 No complex optical systems  Limited to patterned array features only 
 Multistep process 

 STM/AFM/
dip pen 

 Very high resolution  Low aspect ratio 
 Very low throughput 
 Very small surface area 

 Nanoindentation  High aspect ratio  Wide and shallow features 
 Control over features depth  Slow process 
 Less expensive than FIB 

or e-beam writer 
 Laser patterning  Any material  Wide and shallow features 

 High throughput with high 
power laser 

 Micron resolution 

 FIB milling  High resolution  Time consuming 
 High aspect ratio  Process requires vacuum 
 High etch rate  Very expensive 
 Any material  Low throughput 
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nano- structures onto stainless steel because it is a direct writing process with simple 
steps, high resolution and aspect ratios. Nano-structured features such as pits were 
created on 316L steel surfaces. The optimal FIB patterning conditions for achieving 
reasonably high throughput (patterned rate of about 0.03 mm 2 /h) and nano-size 
accuracy in dimensions and shapes of the features are discussed. Additionally, a 
characterisation protocol for analysis of such structures by combination of electron 
backscattering diffraction (EBSD), FIB, scanning electron microscopy (SEM), 
atomic force microscopy (AFM) and serial FIB–SEM sectioning is detailed. 
Furthermore, this chapter reports the comparison of in vitro EC adhesion and growth 
on FIB nano-structured, unpolished and electropolished 316L steel surfaces.  

16.6     FIB Overview: Ga +  Beam, Maskless, Pattern Design 

 FIB systems usually employ a fi nely focused beam of gallium ions (Ga + ) that can be 
operated at high beam currents for milling or low beam currents for imaging. It can 
be utilised to remove material locally in a highly controlled manner to the nanome-
tre scale. When the high-energy Ga ions impinge the sample, atoms from the sample 
surface are sputtered. In addition, Ga atoms from the ion beam are also implanted 
into the top few nanometres of the surface, and the surface is made amorphous. As 
can be seen in Fig.  16.2 , the Ga +  primary ion beam hits the sample surface and sput-
ters a small amount of material. The primary beam also generates secondary elec-
trons. When the primary beam strikes the sample surface, the signal from secondary 
electrons or sputtered ions is collected to form an image of the surface [ 48 ].
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  Fig. 16.2    ( a ) Dual-beam FIB schematics. ( b ) Beam sample interactions:  A —incident Ga +  ions, 
 B —sputtered substrate atoms,  C —scattered Ga +  ions,  D —re-deposited Ga +  ions and substrate 
atoms,  E —in substrate trapped Ga +  ions and  F —secondary electrons       
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   At a low primary ion beam current, a minuscule amount of material is sputtered, 
and with existing FIB methods, 5 nm resolution can be attained using Ga ions. 
However, at higher primary ion beam current, a considerable quantity of material 
can be taken out, which allows sub-micrometre- to nanometre-scale precision mill-
ing of sample surface. 

 FIB originated in the semiconductor industry and has become an important tool for 
a wide array of applications, ranging from circuit editing, reverse engineering, sample 
preparation for transmission electron microscopy (TEM), microstructural analysis 
and prototype nanomachining to name just a few [ 49 ]. Many modern FIB instruments 
supplement the FIB column with an additional SEM column so that it becomes a 
versatile dual-beam platform as depicted in Fig.  16.2 . In nano- patterning, FIB has 
been used to create nano-structures on Si [ 50 ], silicon nitride [ 48 ,  51 ] and glass sub-
strates [ 52 ] and to fabricate platinum nano-structures on peptide-based soft surfaces 
[ 53 ]. Only one study reported the protein adsorption on FIB patterned glass surfaces 
[ 52 ]. To date, no cellular studies have been reported on FIB-structured surfaces. 
Moreover, this and other aforementioned techniques have not been employed for pat-
terning the key vascular stent material 316L stainless steel for vascular cell functions. 
Studies do not exist that determine the EC response on 316L steel with nano-pit fea-
tures. Endothelial cell studies on unpatterned 316L stainless steel substrates have 
shown that the grain size and grain boundaries have an impact on their adhesion and 
morphology [ 54 ]. Chemically etched substrates with 16 μm grain size etched have 
demonstrated cell densities signifi cantly higher than with grain sizes of 31, 47 and 
66 μm. The authors attribute this increased cell density to greater boundary area and 
associated higher surface free energy [ 54 ]. Cell proliferation was also subject to 
another study discussing different materials. There the grain sizes varied from 320 nm 
to 22 μm. Again cell proliferation was reciprocal dependent on the grain size [ 55 ].  

16.7     Crystal Structure of Stainless Steel 316L 

 Austenitic type 316L stainless steel is commonly used for manufacturing medical 
implants [ 56 ] and was hence selected as the substrate of choice for this study. 
Austenitic stainless steels have face-centred cubic (fcc) crystal structure, in which 
the unit cell is a cube with atoms located at the corners and middle of each side 
(Fig.  16.3a ). The presence of higher concentration of Ni in austenitic stainless steels 
stabilises the fcc crystal structure, because Ni is a fcc crystal itself. This enhances 
the ductility, i.e. it can sustain large plastic deformation without fracture compared 
to other stainless steels (maternistic and ferritic phases).

   Most metallic materials are composed of many small single-crystalline planes 
called grains. These materials are referred to as polycrystalline materials (e.g. steel), 
in which individual grains have identical arrangement of atoms but the orientation 
of the atom arrangement or crystal structure is different from each adjoining grain 
(see Fig.  16.3b  for visualisation). The interfaces between these grains are grain 
boundaries, the surface that separates the individual grains [ 57 ]. 
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 The austenitic stainless steel function can be affected by two microstructure fea-
tures: grain (or crystal) size and shape. The general grain size suggested for 316L is 
100 μm or less [ 56 ]. This is because smaller grains have more grain boundaries, 
which provide resistance to plastic deformation as they are responsible for slip 
deformation by dislocations. 

 Depending on the process conditions such as annealing and cold-working, the 
shape of austenitic stainless steel grains varies. Annealing is a heat treatment process 
where a material is modifi ed, resulting in changes in its properties, for example, 
strength and hardness. It is a method that generates conditions via heating to above 
the recrystallisation temperature, maintaining an appropriate temperature, and subse-
quently cooling. This method is applied to reduce internal tensions, soften material, 
enhance ductility, improve the structure by creating it uniform and enrich cold-work-
ing properties. Austenite grains of the stainless steels under an annealed condition 
exhibit an equiaxial granular shape (i.e. the grains having axes of equal length). 

 Cold-working produces plastic deformation in the steels and generates a strain 
hardening effect, which improves both yield strength and tensile strength of steel 
considerably. However, in cold-worked steel, depending on the amount of cold work, 
the grains are elongated (i.e. longer in the rolling direction). During large plastic 
deformation, textured grain structures are produced and preferentially align the grains 
in specifi c crystallographic orientations. Hence, cold-worked steel with textured 
structures demonstrates anisotropic mechanical properties. When employing a cold-
worked steel for implant fabrication, microstructure analysis is suggested as implants 
can be better prepared if the loading direction is concurrent to the high strength direc-
tion in the steel [ 56 ]. Hence, it is clear that the microscopic and crystalline structure 
can play a strong role on the nano-structuring of the stainless steel surface.  

  Fig. 16.3    ( a ) Schematic face-centred cubic crystal structure and ( b ) FIB image of polycrystalline 
316L used in this study       
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16.8     Substrate Preparation: Electropolishing, Cleaning 

 Electropolished 316L steel substrates were used for this study. Figure  16.4  illus-
trates the steps involved in the whole sample process fl ow. Electropolishing of steel 
was performed with a view to the preparation of these surfaces for nano-texturing. 
For such applications, a smooth surface is crucial. The composition of this electro-
lyte solution was 11 M H 3 PO 4  + 4.5 M H 2 SO 4  in water. The electropolishing proce-
dure was conducted in two steps at 80 °C and 5 mV s −1  [ 58 ]. The fi rst step involved 
scanning of the potential from the open-circuit potential up to the point where the 
diffusion-limited current region was reached. The linear sweep voltammetry was 
then stopped, and the selected potential was maintained 10 min using chronoam-
perometry. This resulted in a smooth and relatively defect-free surface. XPS analy-
sis of the electropolished surface has shown that the stainless steel was enriched 
with Cr, P, S, O, Mo and Ni elements. Prior to nano-structuring, the polished speci-
mens were cleaned in acetone, in ethanol and fi nally in ultrapure water via an ultra-
sonic treatment for 10 min.

16.9        FIB Tests: Challenges with Anisotropic Milling 

 The FIB system used in the current study is the FEI Helios NanoLab 600i, which is 
a dual-beam FIB for localised milling and deposition, transmitting a 30 keV beam 
of Ga +  ions combined with a high-resolution SEM. In this work, the working current 
was tuned between 0.28 nA (for 120 nm pits) and 0.92 nA (180 nm) depending on 
size of the nano-texture. The available pit sizes and the large range of obtainable 
working currents could make the FIB technique an ideal device for nanomachining 
in the range from 10 nm to a few micrometres. Nano-structured features (pits/holes) 
ordered in rectangular arrays were patterned on 316L steel surfaces using FEI 
Helios NanoLab 600i FIB system. This system was used because of high beam 
quality and stage stability. 

As-received Nano-texturing In vitro EC adhesion studiesElectro polishing

a b c d

  Fig. 16.4    Sample process fl ow in total. ( a ) Samples as received with rough surface. ( b ) 
Electropolishing to obtain a smooth surface suitable for nano-structuring. ( c ) Nano-texturing of 316L 
stainless steel via a focused ion beam (FIB) milling. ( d ) In vitro endothelial cell adhesion studies       
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 From the literature survey, promising cell responses to nano-structured features 
were identifi ed including nano-pit features [ 40 ,  59 ]. However, to date no EC studies 
have been reported on nano-pit structures. Based on this, two pit designs were pat-
terned on three electropolished 316L stainless steel samples on areas of 
400 μm × 400 μm using FIB: design A, pits of 120 nm diameter with a pitch of 
240 nm and intended depth of 50–100 nm, and design B, pits of 180 nm diameters 
with pitch of 360 nm and intended depths of 50–100 nm [ 60 ,  61 ]. 

 Before attempting prototyping on large 400 × 400 μm areas used for the biologi-
cal tests, we have performed optimisation tests on relatively small test patterns; one 
such area is shown in Fig.  16.5a . From the known polycrystalline nature of the 316L 
stent material, one can assume that when subjected to ion milling or imaging, it will 
show pronounced channelling contrast. It is well known for about a century for W, 
Ag or Cu which are all fcc metals that they etch and sputter faster in preferred direc-
tions [ 62 – 65 ], as well as Si [ 66 ,  67 ]. Similarly polycrystalline fcc austenitic stain-
less steel will show milling rates that are varying by the different orientation of 
grains towards the incoming beam.

   Figure  16.5  illustrates how much this anisotropic milling affects the desired out-
come of uniform concaves. Shown in Fig.  16.5  are examples from the pretests on 
10 μm × 10 μm areas with 120 nm diameter holes at 240 nm pitch. The structures 
that appear with the brightest contrast showed deeper and sharper edges than the 
structures that appear darker in contrast. This will be discussed in more detail in the 
following section describing the correlative microscopy approach. A later section 
will focus on the study on the patterned substrates used for actual cell adhesion tests 
and the preliminary FIB tests.  

  Fig. 16.5    SEM images of preliminary FIB tests to determine the feasibility of the prototyping 
approach. ( a ) 10 × 10 μm area pattern by FIB in preliminary tests with nominal 120 nm wide pits 
at 240 nm pitch. ( b ) Detail of another area exhibiting the same pattern. Clearly visible are the dif-
ferences in appearance of the patterned surface depending on the polycrystallinity of stainless steel       
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16.10     Correlative Microscopy: EBSD, FIB, SEM, AFM, 
and Serial Sectioning FIB–SEM Towards Better 
Understanding of Beam–Substrate Interaction 

 In order to gain a better understanding of the beam–substrate interaction during pat-
terning, a correlative microscopy approach was used to illuminate the patterning 
process from many possible angles [ 68 ,  69 ]. This was also done on a batch of sam-
ples that could not be used for the cell adhesion studies basically because of the 
destructive nature of the last step, the serial FIB–SEM sectioning. 

 The different techniques used for the characterisation of nano-textured, unpol-
ished and electropolished stainless steel surfaces were electron backscattering dif-
fraction (EBSD), FIB, SEM, atomic force microscopy (AFM) and serial FIB–SEM 
sectioning. Figure  16.6  shows the detailed process fl ow of the correlative approach.

   EBSD technique was used to analyse the crystallographic structured surfaces of 
the polished stainless steel. EBSD imaging was performed in a Hitachi SEM SU-70 
equipped with an Oxford Instruments EBSD attachment AztecHKL at 10 kV under 
70° tilt angle and step size 2 μm. 

 FIB technique was also used to visualise the crystallographic structured surfaces 
of the polished stainless steel. FIB imaging was performed as a part of monitoring 
of the milling at 30 kV accelerating voltage. 

 SEM was used to analyse the topography of nano-textured surfaces of the polished 
stainless steel. The SEM images presented were obtained using a SEM at the FEI 
Helios NanoLab 600i at an electron beam current of 5 kV and 86 pA beam current. 

 A commercial atomic force microscope (MFP 3DTM, Asylum Research) in AC 
mode was used for topography mapping of the fi lms. Olympus AC160TS silicon 
cantilevers (Al refl ex coated, ~300 kHz resonant frequency) were used for imaging. 
Optimal results were achieved with a medium scan rate of 1 Hz and 256 × 256 pixels 
image resolution. 

 Samples for serial sectioning were prepared using protective carbon and Pt lay-
ers [ 70 ]. The electron beam-induced (EBID) carbon deposition supplied necessary 
contrast difference between the protective Pt and the stainless steel surface, hence 
enabling accurate determination of the concave’s shape and depth. 

FIB  nano-texturing EBSD crystal orientation SEM, AFM, FIB-SEM 
Surface analysis

a b c

  Fig. 16.6    Process fl ow in the correlative microscopy approach. ( a ) The crystallographic grain 
orientations are measured by EBSD before patterning. ( b ) Surface patterning using FIB, also gain-
ing FIB SE images as part of the monitoring process. ( c ) Extensive analysis of the textured steel 
surface with SEM, AFM and fi nally destructive serial FIB–SEM sectioning       
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 EBSD is an SEM-based microstructural–crystallographic technique to measure 
individual grain orientations, local texture, point-to-point orientation correlations 
and phase identifi cation and distributions on the surfaces of bulk polycrystals. It is 
also known as backscatter Kikuchi diffraction (BKD), and both acronyms are being 
used interchangeably in the literature. EBSD patterns are generated on a phosphor 
screen by backscatter diffraction of a stationary beam of high-energy electrons from 
the typically 70° tilted sample surface. Because of the high tilt angle—or the shallow 
20° angle of the incident beam towards the surface—this technique is very surface 
sensitive and gives information of the top 20 nm down into the substrate [ 71 ]. 

 EBSD mapping was accomplished before the area was patterned in order to 
determine a correlation between crystal grain orientation on one hand and shape, 
size and depth of the FIB-milled concaves on the other hand. Figure  16.7  shows the 
random size and orientation of the crystal grains and illustrates the correlative 
microscopy approach of three techniques combined in the exact same sample loca-
tion, EBSD, FIB and SEM. In general the intensity of the emitted SE depends on the 
different inclination of the sample surface towards the incoming beam and crystal 
orientation [ 72 ]. Thus, the grey levels in the SEM image are directly linked to the 

  Fig. 16.7    Correlative microscopy on the exact same sample location. ( a ) Inverse pole fi gure (IPF) 
as measured by EBSD before surface texturing with (110) and (321) crystal orientation labelled 
and legend underneath. ( b ) FIB SE image obtained during patterning as part of monitoring. ( c ) SE 
image taken after the patterning—the  red circle  indicates the region used for AFM and serial sec-
tioning (see Figs.  16.8 ,  16.9  and  16.10  for details). ( d ) Graphical visualisation of (110) orientation. 
( e ) Graphical visualisation of (321) orientation       
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surface topography, e.g. the shape of the pits and sidewall profi le and the crystal 
orientation of the surface material. In this way we can correlate the EBSD data to 
the grey levels in the SEM images. The FIB reveals not surprisingly the same con-
trast in the SE image as the one taken afterwards in the SEM. The SE yield is inde-
pendent of the type of the beam; hence the same contrast is achieved. The additional 
information of the SEM SE image lies in the much higher resolution. The FIB 
which was run as a monitoring tool only during the patterning process produced one 
pixel every 360 nm in  X  and  Y  direction. The SEM on the other hand was used after-
wards as an analysis tool with an image resolution of 4,096 × 3,775 pixels which 
calculates at roughly 3 nm image resolution. Using a low current of 86 pA ensured 
that the real resolution is not far from this theoretical limit.

   Two different grains were chosen for additional correlation with AFM and the 
serial FIB–SEM sectioning based on the crystallographic orientation, a low index 
grain with (110) orientation and a high index grain with (321) orientation. From as 
early as the 1920s, it is known that the sputter yield is dependent on the crystal ori-
entation [ 62 ]. It is also known that the SE yield is dependent on the crystal orienta-
tion [ 72 ]. Based on this fact the chosen grains should display a very different 
behaviour when exposed to the ion beam during sputtering and also to the electron 
beam in the SEM study. 

 Studying the marked region from Fig.  16.7  across the grain boundary using the 
AFM (see Fig.  16.8 ), it appears that there is a difference in hole depth and diameter 
depending on crystallographic orientation of the patterned surface. Even the shape 
of the rim is evidently not circular but rather rhombohedral. Because of the high 
aspect ratio of the pits, the tip could not reach down and probe the full depth of the 
pits; therefore, the pit depth must be confi rmed by the serial sectioning.

   The fi rst that comes to mind when seeing the rhombohedral shape of the pits is 
the directional dependence in which atoms are ejected when sputtering at threshold 
energy [ 63 ]. In our study however the energy used to create the patterned surfaces 
in the FIB was way beyond the threshold energy, which for Cr, Ni and Fe as main 
elements in 316L lie in the range of 60–90 eV. The directional dependence decreases 
with higher sputter energies and has no infl uence on the direction of the sputtered 
atoms at the 30 keV used here. It is also obvious when looking in detail at the (111) 
oriented grain at the bottom of the AFM overview scan that shows the same 
rhombohedral- shaped pits as the whole area around this region instead of the 
expected triangular shape. As can be seen below in the detailed AFM and SEM 
studies on the 400 μm × 400 μm patterns used for the cell adhesion studies, the shape 
of the holes is solely determined by the ion beam quality (focus, stigmation) at the 
place of impact on the sample surface. 

 In the SEM surface study as depicted in Fig.  16.9a , it appears as if the holes in 
both grains seem equal in diameter with only the higher SE yield obvious for the 
higher index grain. In order to clarify this impression, the region was imaged again 
after depositing a carbon layer as shown in Fig.  16.9b . Because secondary electrons 
are emitted from an area very close to the surface of the sample, this amorphous 
carbon layer masks the crystal orientation of the sample surface, and the image is 
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  Fig. 16.9    Detailed SEM images of patterned area marked by the  red circle  in previous picture. ( a ) 
Freshly patterned surface displays high SE yield for the high index grain and low yield for the low 
index grain, though the holes seem equal in diameter. ( b ) Detail of ( a ) after carbon deposition, the 
“true” diameter shines through as crystal orientations are hidden behind the amorphous carbon layer       

  Fig. 16.8    Representative AFM scans of the marked region from Fig.  16.7 . ( a ) Overview scan over 
the whole 12 μm × 12 μm region. ( b ) Detailed 2 μm × 2 μm scan of the area around the crystal grain 
boundary. ( c ) Line profi le along one row of fi ve holes determining depth and diameter of the holes 
in the (110) oriented grain. ( d ) Same line profi le determining the depth and diameter of the holes 
in the (321) oriented grain       
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more related to topographical features. Indeed, the difference in diameter of the 
holes becomes pronounced, and it is visible that the higher index grain has appar-
ently much larger holes than the lower index grain.

   Serial sectioning of again the same region was performed composing 250 images 
of 8 rows by 5 holes, with one image taken every 12 nm. This detailed analysis veri-
fi es the difference not only in the diameter but even more pronounced in the depth. 
Though Fig.  16.10a  presents a 3D reconstruction of all the 250 slices, more details 
can be observed when looking at the individual slices of Fig.  16.10b–l . The diam-
eter of the pits in the low index (110) oriented grain are 150 ± 10 nm, while the 
diameter in the (321) oriented grains is only slightly bigger with 170 ± 10 nm. The 
depth however is much more infl uenced by the differences of sputter yield depend-
ing on the crystal orientation, and hence the (110) grain shows only 55 ± 5 nm depth 
in contrast to the 200 ± 20 nm depth of the (321) grain, nearly a factor of 4 
between them.

  Fig. 16.10    Serial sectioning as fi nal destructive step of the correlative microscopy. ( a ) 3D recon-
struction of all the 250 slices. ( b – l ) Image series illustrating one row of six holes taken every 36 nm 
(every third image). The  darker left  region is the low index grain (110) oriented, the  brighter right 
hand side  is the higher index (321) oriented grain. Obvious is the difference in depth by more than 
a factor of 3 between the two patterned grains       
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16.11        Prototyping: Samples Prepared for Cell Adhesion 
Tests and Statistical Pattern Analysis 

 After the initial tests for the feasibility of the patterning was fi nished successfully 
on the batch of samples with small-scale pattern, the “real” prototyping on the 
400 × 400 μm patterned areas had been started. As consensus between statistical 
needs for ideally a high number of samples on one hand and the slow process of 
patterning with the FIB on the other hand, fi ve samples with each one area of 
120 nm pits/240 nm pitch and one area of 180 nm pits/360 nm pitch were 
manufactured. 

 The two pit designs, A and B, were created on electropolished stainless steel 
samples by FIB and are presented in Fig.  16.11 . Three things can be observed. First, 
the square areas that have been milled by the FIB are very different from the elec-
tropolished areas. Second, the triangular areas in the centre are much better defi ned 
than the areas at the edges. Finally, within and outside these triangular areas, the 
different colour tones observed are due to the polycrystallinity of the stainless steel 
as described in detail in the previous section.

   Alternatively, AFM was used to evaluate statistically in more depth the informa-
tion on topography, pit feature dimensions and as a comparison of the results 
obtained via serial FIB–SEM sectioning. AFM examinations for this analysis were 
performed in tapping mode using a Dimension 3100 with a Nanoscope IIIa control-
ler equipped with a phase imaging extender (Digital Instruments, Santa-Barbara, 
CA, USA). The silicon cantilevers (purchased from Windsor Scientifi c, UK) have a 
tip radius of less than 10 nm and a 40 N m −1  spring constant. AFM images were 

  Fig. 16.11    Overview of SEM images of ( a ) design A and ( b ) design B showing (1) differences in 
milled ( inside  the  square  area) and electropolished surfaces ( outside  the  square  area), (2)  triangu-
lar  areas covering more than half of the 400 μm × 400 μm  square  are much better defi ned than the 
areas at the corners in the  squares  and (3) different colour tones illustrate the polycrystallinity of 
the stainless steel       

 

M. Schmidt et al.



407

recorded at a scan rate of 0.5 Hz and a resonance frequency of 300 kHz. Each 
sample was evaluated over scan fi elds of 5 × 5 μm 2 , 1 × 1 μm 2  and 500 × 500 nm 2 . 
The pit dimensions of the resulting images were evaluated using scanning probe 
imaging processor software (version 5.1.5). 

 Four nano-structured samples were used for the measurements. Four topographic 
measurements were performed in different random fi elds per substrate. Figure  16.12  
shows the 2D AFM images and profi les of designs A and B on 5 × 5 μm 2  areas. 
A similar trend was noticed with AFM data. Region I showed shallower structures 
than region II, Fig.  16.12a, b . From the AFM profi les across a 5 μm width as depicted 
in Fig.  16.12c, d , the average depth recorded in region I for design A and design B 
was 24 ± 18 nm and 26 ± 20 nm ( N  = 115), whereas in region II the average depth 
was 68 ± 48 nm and 64 ± 8.5 nm ( N  = 115). This variation of more than four times 
indicates that an exact match of the desired depth of 50–100 nm can only be 
approximated.

   The images presented in Fig.  16.13a, b  are of a closer SEM inspection of 
designs A and B on triangular areas of 5 × 5 μm 2 . The pit structures within the 
triangular zones are circular as wanted for pit designs A and B (Fig.  16.13a, b ). 

  Fig. 16.12    AFM top view and cross-sectional images of pits ( a ,  c ) design A and ( b ,  d ) design B. 
Variation in depth dimensions from AFM profi les in region I and II is clearly noticed       
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Smaller areas of about 150 × 150 μm 2  showed circular shapes when imaged in top-
down direction in the whole patterned area in the preliminary tests.

   However, from the AFM images the shapes of the pits in design A in triangular 
areas are more elliptical (Fig.  16.14a, c , e), whereas those of design B are closer to 
perfect holes (Fig.  16.14b, d , f). The pit structures for designs A and B outside the 
triangular areas exhibited deformed circular shapes as demonstrated in Fig.  16.15a, b . 
From the stigmated nature one can conclude that there are problems with the focus-
ing and astigmatism caused by the FIB optics. This is not surprising as the 200 times 
magnifi cation is close to the lower limit of the FIB Helios column.

  Fig. 16.13    SEM images of circular pits of ( a  and  b ) design A and B reproduced within the trian-
gular areas       

  Fig. 16.14    AFM topographies of uniformly fabricated structures of ( a ,  c ,  e ) pits design A and ( b ,  d ,  f ) 
design B pits reproduced within the triangular areas (scale: 5 × 5 μm, 1 × 1 μm and 500 × 500 nm). 
Panels ( g ) and ( h ) represent the AFM profi les of ( e ) and ( f ) across the length of 500 nm       
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    From the AFM profi les, the uniformity and distribution of the pits A and B 
parameters (or dimensions) such as diameter, depth and pitch produced by FIB tech-
nique were evaluated. The A and B pit dimensions were measured using a Nanoscope 
imaging probe software as described above. 

 The distribution curves of A and B pit dimensions were plotted and presented in 
Fig.  16.16 . Figure  16.16a  shows that when seeking to produce design A diameter 
pits ( N  = 162), the result was far from uniform. Although the highest number of pits 
did fall within the 116–120 nm range, the graph shows there were considerable 
variations in resulting pit sizes.

   In seeking to produce design B diameter pits ( N  = 90), Fig.  16.16b  shows a simi-
lar pattern to the result shown in the previous graph. The highest number of pits was 
between 181 and 185 nm range with the lowest amount of pits registering in the 
ranges above 180 nm. 

  Fig. 16.15    AFM pictures of unevenly patterned pit structures of ( a  and  b ) designs A and design B 
reproduced outside the triangular areas (scale: 500 × 500 nm) and ( c  and  d ) profi les of ( a ) and ( b ) 
across the length of 500 nm       
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 The required A pitch range here (Fig.  16.16c ) was 240 nm ( N  = 128). Most pits 
registered between 251–255 and 241–245 nm then at 246–250 nm range. However, 
only four pits were reported at 240 nm. 

 In looking for a design B pitch level of 360 nm ( N  = 150 nm) presented in 
Fig.  16.16d , only 13 pits fell within this range. The majority of pits registered at 
pitches higher than the required level of 360 nm, falling between 371 and 380 nm, 
and one pit range as high as 411–420 nm. 

 In searching for a design A depth of 50 or 100 nm ( N  = 95), Fig.  16.16e  shows 
that  one pit reported at 46–50 nm range and four pits reported at 96–105 nm range. 
However, considerable variation is still noted in the dimensions of all pits. 

 Again looking for a design B depth of 50 or 100 nm ( N  = 110), nine pits were 
recorded within the 46–55 nm range (Fig.  16.16f ). Nine were found to have a depth 
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  Fig. 16.16    Distribution curves of pit diameter of ( a ) and ( b ) 120 and 180 nm with a pitch of ( c ) 
and ( d ) 240 and 360 nm and depth of ( e ) and ( f ) 50–100 nm       
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in the 96–105 nm range. However, some pits were also recorded above the desired 
100 nm range which should have minor infl uence as long as they are deep enough 
to infl uence the cell adhesion. 

 The variations in pit dimensions demonstrated that FIB milling rate is greatly 
infl uenced by the polycrystalline structure of stainless steel and beam quality. 

 Tables  16.2  and  16.3  summarise the obtained pit dimensions of design A and B 
diameter ( N  = 162 and 90; scan area, 1 × 1 μm 2 ) and pitch and depth ( N  = 128 and 150 
and 95 and 90; scan area, 5 × 5 μm 2 ) created by FIB milling. For the required 120 nm 
pit, the average pit had a diameter of 97 ± 8.5 nm ( N  = 162), pitch of 250 ± 11 nm 
( N  = 128) and depth of 65 ± 24 nm ( N  = 95), whereas for the 180 nm pit, the average 
pit had a diameter of 155 ± 11 nm ( N  = 90), pitch of 375 ± 14 nm ( N  = 150) and depth 
of 84 ± 36 nm ( N  = 110).

    Nevertheless, correlation of FIB–SEM and AFM cross-sectional imaging with 
the top-down appearance of known patterned area (grain) was essential in establish-
ing accurate size and shape distribution of the formed pit structures. 

 All these variations in pit dimensions reported in stainless steel samples can be 
due to the atomic arrangement or random orientation of crystallographic structures 
and nonuniformity in grain size, though the shape of the incident beam at the point 
of impact on the sample surface will have the greatest effect of all the factors, fol-
lowed by the crystallographic orientation of the grain at the surface.  

16.12     In Vitro Cell Studies: Endothelial Cell Adhesion Tests 

 Finally, in vitro human EC culture and EC adhesion and densities studies were per-
formed on unpolished, electropolished and nano-textured stainless steel surfaces. 

 Figure  16.17  shows the fl uorescence images of the EC adhesion and densities 
after 1–5 days on unpolished, electropolished and design A and B surfaces. Very 
little signifi cant difference in EC adhesion between these surfaces is revealed. 

   Table 16.2    Dimensions of 120 nm pits obtained with FIB patterning   

 Dimensions  Sites number  Mean ± SD (nm) 
 Lowest 
dimension value (nm) 

 Highest 
dimension value (nm) 

 Diameter   N  = 162  97 ± 8.5  46  138 
 Pitch   N  = 128  250 ± 11  213  290 
 Depth   N  = 95  65 ± 24  19  116 

   Table 16.3    Dimensions of 180 nm pits obtained with FIB patterning   

 Dimensions  Sites number  Mean ± SD (nm) 
 Lowest 
dimension value (nm) 

 Highest 
dimension value (nm) 

 Diameter   N  = 90  155 ± 11  10  221 
 Pitch   N  = 150  375 ± 14  323  411 
 Depth   N  = 110  84 ± 36  15  165 
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However, the morphology of ECs appears to be greatly defi ned on pits design A and 
B relative to electropolished and unpolished samples. After 1 day, EC densities 
were signifi cantly lower on nano-structured 316L steel substrates when compared 
to unpolished and electropolished control samples. EC adhesion density was signifi -
cantly greater after 5 days compared to 1 day for all substrates tested.

   To confi rm the signifi cant difference in EC adhesion and densities after 1–5 days 
involving these surfaces as demonstrated by fl uorescence data, EC counts were 
 performed on each three substrate of interest ( N  = 12).  

16.13     Conclusion 

 FIB has compelling advantages for fl exible prototyping compared to other tradi-
tional techniques; however, the milling rates and the corresponding shape and size 
of the formed structures are largely affected by the grain size of the polycrystalline 

  Fig. 16.17    Fluorescent images of EC cultured on ( a ) unpolished ( b ) electropolished, ( c ) design A 
pits and ( d ) design B pits on stainless steel surfaces after 1, 3 and 5 days       
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316L stainless steel and stability of the ion beam quality over large areas. Moreover 
this method is practically limited to 120 nm resolution for the desired pit depth and 
uniform scan size of 200 μm × 200 μm. Nevertheless formed structures show large 
variation of pit depths and shapes and as such surfaces might serve as a resourceful 
platform for screening large variations of cell/pattern stainless steel interactions. 
However, the FIB nano-pits design A and B created on polycrystalline stainless 
steel surfaces demonstrated low EC adhesion and proliferation relative to unpol-
ished and electropolished specimens. There was no signifi cant difference in EC 
adhesion and proliferation between unpolished–electropolished samples and design 
A and B pits. Further morphological examination of EC response on nano- structured 
steel surfaces would verify the mechanism for low EC adhesion and proliferation on 
these surfaces. Nano-patterning the stainless steel surfaces by FIB is time consum-
ing and expensive, especially when patterning large areas. The precision and repro-
ducibility of this technique is greatly affected by the polycrystallinity of stainless 
steel and a stable beam quality over large sample areas.     
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    Abstract     The impact of Ga + -focused ion beam (FIB) about functional properties 
of continuous and nanostructured piezoelectric thin fi lms of lead zirconate titanate 
(Pb(Zr x Ti 1-x )O 3 ) was investigated. A suitable way to fabricate piezoelectric 
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nanocapacitors was studied, based on the amorphous or crystallized state of the fi lm 
before etching. Strong modifi cation of structural and electrical behavior for area 
exposed to ion irradiation is observed when the fi lm is etched in the crystallized 
state. Both the implantation of Ga +  ions and the fi lm amorphization highlighted by 
Raman spectroscopy and Kelvin force microscopy analyses can explain this result. 
The piezoactivity detected by piezoresponse force microscopy is fully destroyed 
even after a post-annealing treatment. In the case of amorphous etched fi lm, no 
signifi cant degradation is observed. The latter process is used to successfully fabri-
cate Pb(Zr x Ti 1-x )O 3 -based nanocapacitors by means of FIB method. In 50-nm-size 
capacitors, the local electromechanical behavior is measured at similar level that the 
one obtained for the un-etched fi lm, evidencing no manifest sidewall effect or FIB- 
induced damages. This further evidences that amorphous FIB lithography process 
can reduce the etching damages, demonstrating this is an effective alternative 
method and very benefi cial to pattern such low-dimensional structures, which is a 
signifi cant result in view of the development of functional nanostructures in the fi eld 
of nanoelectromechanical systems applications.   

17.1         Introduction 

 Piezoelectrics have been extensively investigated due to their attractive electro-
mechanical properties. Piezoelectric-based systems have great potential for 
integrations into high-performance devices with various applications such as 
actuators, high-sensitivity sensors, micro-/nanoelectromechanical systems (M/
NEMS), ultrasonic transducers, energy harvesting, or high-frequency applica-
tions [ 1 – 5 ]. 

 In the pursuit of the trend to the miniaturization of existing devices in electronic 
industry, the scaling of the dimension of the piezo-/ferroelectric materials down to 
the nanometer scale has become a fundamental issue [ 6 – 8 ]. In particular, the nano- 
patterning of such materials, when grown in thin fi lm form, allows reaching highly 
miniaturized systems. In this frame, both control and investigation of physical 
properties of the matter on the nanoscale are essential. Indeed, nanostructured thin 
fi lms display unique phenomena and enhanced functional properties, enabling the 
improvement of traditional applications or the development of new generation of 
electronic nanodevices [ 9 – 12 ]. In piezoelectric nanostructures, properties are 
strongly infl uenced by the lateral size effect, and they signifi cantly change from 
those in thin fi lms [ 13 ,  14 ]. 

 From an application point of view, one of the main process objectives in the 
integration of piezoelectric capacitors into M/NEM devices is developing the ability 
to pattern these fi lms and associated electrode materials by etching. In particular, for 
the fabrication of metal-insulator-metal (MIM) structures, the obtaining of a process 
which is common for active layer and top/bottom electrodes and also compatible 
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with silicon technology (CMOS process) is very essential. Several techniques have 
been developed to pattern the fi lms, such as wet chemical etching [ 15 ], ion beam 
etching (IBE) [ 16 ,  17 ], reactive ion etching (RIE) [ 18 ,  19 ], electron cyclotron reso-
nance (ECR) etching [ 20 ], or inductively coupled plasma etching [ 21 ]. Among 
these various methods, focused ion beam (FIB) technology is applied for advanced 
lithography and one of the most common methods for nanofabrication of piezo- 
based structures [ 22 – 26 ]. Major advantages are the high resolution, maskless lithog-
raphy, uniform size for fabricated structures, and great fl exibility and simplicity. 
It is possible to pattern thin fi lms leading to nanostructures with very small lateral 
size (sub-100 nm). However, if the FIB process appears as a very suitable method in 
order to get discrete piezoelectric nanoislands from thin fi lms, and although such 
lateral confi nement allows enhancing of piezoelectric activity in ferroelectric thin 
fi lms [ 27 ,  28 ], two major drawbacks exist which are the ion implantation (e.g., gal-
lium) into the etched material and the material amorphization induced by the FIB 
milling [ 29 ]. These effects induce a degradation of electrical behavior of devices, 
and they are particularly pronounced when the FIB systems use gallium ions. Such 
kind of element is usually chosen owing to its low melting point, low volatility, and 
high mass. The damaged layer that appears on the fi lm surface was thoroughly char-
acterized in terms of the composition and charge implantation, but a more detailed 
characterization seems to be necessary. Besides, a specifi c post-annealing treatment 
(oxygen, vacuum) was commonly proposed for at least partially recovering func-
tional properties [ 29 – 33 ]. 

 In the present study we evaluate the damages induced by gallium-FIB etching on 
Pb(Zr x Ti 1-x )O 3 -based ferroelectric thin fi lms. Lead zirconate titanate (PZT) com-
pound is recognized as leading material for piezoelectric micro-/nanodevices, due 
to its excellent piezo-/ferroelectric properties. Both the implantation of Ga +  ions 
and the fi lm amorphization will be particularly investigated [ 25 ,  26 ,  34 ]. We will 
focus this work on the development of a suitable process of nanostructures 
manufacture without introducing piezoelectricity deterioration, by establishing a 
strategy to overcome the ion implantation and amorphization effects. This more 
effective alternative method to solve the problem of FIB-induced damages will be 
presented.  

17.2     Material and Experimental Setup 

17.2.1     Thin Film Structure 

 Two types of heterostructures were studied in this work, i.e., Pt/PZT/Pt(111)/
TiO x /SiO 2 /Si in which the PZT layer is in either amorphous or crystallized state 
before etching. Such substrate was preferred to enable integration of these 

17 Evaluation of Damages Induced by Ga + -Focused Ion Beam in Piezoelectric…



420

materials into silicon devices and circuit technology, as well as the specifi c MIM 
structure. The thicknesses of the titanium oxide and platinum bottom electrode 
layers are 15 and 120 nm, respectively. Pt electrode was used for allowing macro-
scopic electrical measurements. Similar MIM capacitors with LaNiO 3  bottom 
electrode have been fabricated by FIB, and the local electrical properties have also 
been probed [ 25 ]. Such oxide conductive electrodes are known to improve the 
electrical fatigue resistance of ferroelectrics [ 22 ,  35 ]. Regardless of the state, the 
ferroelectric fi lms are deposited by radio frequency magnetron sputtering tech-
nique without substrate heating, leading to amorphous layer [ 36 ]. The fi lm com-
position is fi xed to Zr:Ti = 54:46 near the so-called morphotropic phase boundary 
where the piezoelectric activity is larger. To crystallize the PZT fi lm in perovskite 
phase, a conventional post-annealing treatment at 625 °C in air during 30 min was 
required [ 37 ]. The fi lm thickness was ranging from 100 to 300 nm depending on 
the island diameter. Indeed, for a small island diameter, the fi lm will be thinner in 
order to reduce the etching time. Figure  17.1a–c  shows various processes for etch-
ing the samples, and Fig.  17.1d  displays a schematic view of the nanocapacitor 
fabricated by Ga +  FIB process from PZT thin layer.

  Fig. 17.1    Flow chart of ( a ) amorphous FIB etching process, ( b ) conventional FIB etching process, 
( c ) conventional FIB etching process then post-annealing at 625 °C. ( d ) Schematic view of the 
piezoelectric capacitor fabricated by Ga +  FIB process from crystallized or amorphous PZT thin layer       
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17.2.2        FIB System 

 A focused beam of Ga +  ions (STRATA DB 235—FEI Company) was used to pattern 
the PZT fi lms. The system was equipped with both the electron and ion beams 
taking advantage of being able to monitor the etching process in real time. In this 
work, the acceleration voltage was 30 kV, and the ion current was included between 
300 and 10 pA (corresponding to 25 nm spot size) depending on the island diameter. 
The ion beam was positioned at an angle of 90° to the etched surface.  

17.2.3     Nanoscale Electrical Characterization 

 Electrical characterizations of the structures on the nanoscale were performed by 
means of complementary tools of atomic force microscopy (AFM). In particular, 
specifi c electrical modes of AFM, namely, piezoresponse force microscopy (PFM), 
Kelvin force microscopy (KFM), and conductive atomic force microscopy 
(C-AFM), were successfully employed to address electrical properties of piezoelec-
tric nanostructures. For such investigations, commercial AFM microscopes 
(Multimode for PFM and Dimension 3100 for KFM/C-AFM—Veeco Digital 
Instruments) operating under environmental conditions were used. 

 PFM was used in spectroscopic mode, i.e., recording of hysteresis piezoloops, in 
view of investigating the local electromechanical behavior of the PZT islands. 
Briefl y, PFM technique is based on the detection of surface deformation due to the 
converse piezoelectric effect induced by an alternating voltage applied to the tip. 
This technique is a powerful tool and the most widely used for locally studying 
piezo-/ferroelectric materials due to its versatility and its high resolution (measure-
ment of deformation at the sub-picometer scale and imaging ferroelectric domains 
down to several nanometers) [ 38 – 41 ]. Local piezoresponse loops were obtained by 
plotting the amplitude of piezoelectric vibration as a function of the DC voltage in 
the so-called infi eld mode in order to provide information about electromechanical 
activity. The frequency and the amplitude of the alternating voltage were set to 
values of  f  = 2 kHz and  V  ac  = 1.5 V, respectively. The applied DC voltage was gradu-
ally swept between –10 V and +10 V within the period of 200 s [ 42 ]. For such 
electrical experiments, Si 3 N 4  tips with conductive PtIr coating were chosen, and a 
stiff cantilever ( k  ~ 40 N/m) was used to minimize the electrostatic contribution to 
the PFM signal [ 43 ]. 

 KFM is a noncontact technique based on the electrostatic interaction between the 
tip and the surface. The resulting electrostatic signal provides information related to 
surface potential. The surface potential maps are easily detected due to work func-
tion variation as a result of surface charges, electric dipoles, or absorption layer. 
KFM experiments were carried out by using a Pt-coated tip with a resonant fre-
quency of 70–80 kHz and a spring constant of 1–5 N/m [ 25 ]. 
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 Like PFM, C-AFM is a contact mode technique where a metallic cantilever is 
connected to a current amplifi er. This tool allows to probe the local electrical con-
ductivity of the material by placing a conducting cantilever on the fi lm surface and 
applying a DC bias between the cantilever and the sample [ 26 ].   

17.3     Results and Discussion 

 In order to evaluate the impact of irradiation on the ferroelectric layer, the degrada-
tion induced by the Ga +  ion beam on the crystallized PZT fi lms deposited on the 
entire substrate was studied prior the fabrication of Pt/PZT/Pt islands. In this experi-
ment, large areas of 10 × 10 μm 2  were exposed to the ion beam using different ion 
doses, as seen on the scanning electron microscopy (SEM) image in Fig.  17.2 . The 
Ga +  dose is controlled by the etching time and is directly related to the path number 
of the beam. More precisely, the number of ion beam paths was varied between 1 
and 20, corresponding to 4 × 10 13  and 3 × 10 15  ions/cm 2 , respectively [ 44 ].

   The fi rst characterization was realized at the macroscale by analyzing the even-
tual structural defects induced in the PZT fi lm by Raman spectroscopy. The Raman 
spectra were carried out in the 200–1000 cm −1  range with a Dilor XY-800 confocal 
micro-Raman spectrometer, and they were recorded using the 514.5 nm line of an 
Ar/Kr ion laser. The incident laser beam was focused on the FIB-exposed area with 
1 μm spot size and 10 mW power. The Raman measurements were directly con-
ducted on the etched areas described above. However, different PZT fi lms were 
investigated: (i) un-etched crystallized PZT fi lm, (ii) hardest etched amorphous PZT 
fi lm (then post-annealed at 625 °C), (iii) lightest etched crystallized PZT fi lm, and 

  Fig. 17.2    SEM image 
of FIB-exposed PZT layer 
with different Ga +  ion doses 
( square areas ) and FIB- 
etched nanoislands onto Pt 
top electrode       
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(iv) hardest etched crystallized PZT fi lm. The results are depicted in Fig.  17.3 . From 
the spectra, the broadband centered at 280, 572, and 676 cm −1  can be assigned as 
 B  1  +  E ,  A  1  (TO 3 ), and  E (LO 3 ) according to the modes in the single PZT crystal [ 45 ], 
while the band at 820 cm −1  is tentatively assigned to Ti–O bond [ 46 ]. For the region 
exposed to the lightest “conventional” (i.e., crystallized material) FIB etching (case 
(iii)), the spectrum is rather similar to that of the un-etched zone (case (i)), except 
the higher intensity for the Raman peak at 676 cm −1 . However, for the hardest con-
ventional etching case ((iv)), Raman spectra recorded in the region exposed to the 
FIB show obvious change. The sharp increase in the intensity of the Raman band at 
676 cm −1  [ E (LO 3 ) mode] may be correlated to the distortion of the tetragonal sym-
metry of the PZT crystalline lattice due to the ion implantation and the modifi cation 
of the stress state [ 45 ,  47 ,  48 ]. The broadening of Raman scattering in 550–900 cm −1  
region may be attributed to the existence of amorphized material, which is usually 
expected during the conventional FIB etching process. On the other hand, the 
Raman signal recorded on the amorphous PZT fi lm after similar hard FIB etching 
does not show apparent change compared to spectrum of the un-etched PZT fi lm 
surface. Thus the amorphous state seems to be benefi t for the preservation of crys-
talline structure of the fi lm without structural defects after FIB etching. Also, the 
peak position of Raman shift is similar regardless of the FIB etching process, which 
means the crystalline structure still exhibits perovskite phase.

   Then, piezoactivity in etched zones of crystallized fi lms was probed by recording 
amplitude piezoresponse hysteresis loops via the spectroscopic tool of PFM. 
As seen in Fig.  17.4 , the absence of typical butterfl y shape for hysteresis loop points 

  Fig. 17.3    Raman spectra of ( i ) un-etched crystallized PZT fi lm, ( ii ) amorphous PZT fi lm after hard 
FIB etching, ( iii ) lightest etched crystallized PZT fi lm, and ( iv ) hardest etched crystallized PZT 
fi lm. Figure reprinted with permission from [ 25 ]. Copyright 2009, American Institute of Physics       
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out the strong degradation of electromechanical behavior whatever the ion dose 
applied during etching. Indeed, one path is suffi cient to destroy piezoactivity, and no 
ferroelectric domains can be imaged by PFM. Therefore, the FIB etching process is 
detrimental to functional properties of PZT fi lms. Local probing of piezoelectric 
behavior outside the directly exposed area also evidences the existence of some 
defects, signifying the degradations induced by the Ga +  FIB are not limited to the 
etched region. This phenomenon is highlighted on the Fig.  17.5  where piezoloops 
recorded at various distances from etched regions with conventional FIB process 
(crystallized PZT) are presented. Degradation of piezoactivity is observed as far 
away as 20 μm from the exposed zone (ion dose of 3 × 10 15  ions/cm 2 ), while at 
100 μm the PFM signal is fully restored. The explanation can be related to the spa-
tial extension of the ion beam, depending on experimental parameters such as ion 
beam current, overlap, and dwell time. It is well known that the ion beam presents a 
Gaussian form and thus a zone outside the directly etched region is also impacted 
by the Ga +  ion beam.

  Fig. 17.4    Amplitude piezoresponse loop recorded on etched zone of crystallized PZT fi lm after 
one path of the Ga +  ion beam. Figure reprinted with permission from [ 26 ]. Copyright 2010, 
American Institute of Physics       

  Fig. 17.5    Local probing of piezoelectric behavior in crystallized PZT fi lms at various distances 
from the Ga +  ion beam-exposed area. Piezoloops recorded ( a ) in the etched zone and ( b ) at 20 μm 
and ( c ) at 100 μm beyond the etched region       
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    For the crystallized samples, a post-annealed treatment was achieved in order to 
try to partially recover the piezoelectric properties, as usually performed on such 
etched ferroelectric fi lms [ 22 ,  23 ,  29 ,  30 ,  49 ], but irrespective of the experimental 
conditions (air or O 2  atmosphere, different temperatures, and times), we were unable 
to restore the initial activity of the fi lms. These results suggest that a damaged layer 
exists on the fi lm surface which strongly affects the piezoelectric performance of 
PZT fi lms. These damages could be an amorphization of the fi lm surface and/or a 
modifi cation of the fi lm composition. Also, this upper layer of damaged material 
could present some structural defects or a lattice disorder which is usually expected 
during the FIB etching experiments. 

 Instead, in the case of PZT etched before crystallization, the electromechanical 
activity (measured after crystallization) is similar as the one obtained for an un- 
etched crystallized PZT sample, regardless of the ion dose applied. Indeed, even if 
the degradations are induced in the amorphous fi lm, the annealing treatment (crys-
tallization of the fi lm) permits to eliminate the etching damages. 

 This behavior confi rms that the strong degradation occurs on the initially crystal-
lized samples and no degradation happens if the FIB process is conducted on amor-
phous fi lms. 

 In order to get further understanding on the impact of Ga +  FIB about the PZT 
fi lms, surfaces exposed to the beam were characterized by means of KFM technique. 
Both KFM and C-AFM (see later) measurements were made at the same time that 
means with C-AFM confi guration the tip is virtually connected to the ground and the 
bias is applied to the sample. The evolution of the tip grounded CPD (contact poten-
tial difference) response as a function of the path number of the Ga +  ion beam on the 
PZT fi lm etched after crystallization is displayed on the Fig.  17.6 . The change of 
contrast is directly related to the variation in the surface properties such as the com-
position and/or amorphization of the material and induced structural defects, due to 
the strong impact of gallium ions which locally leads to structural damaging at the 
sample surface. Moreover, the ion beam implantation into the fi lm or ion beam-
induced transport of chemical species such as oxygen in the ferroelectric layer [ 22 ], 
as well as the creation/injection of charges during FIB lithography, cannot be 
excluded. From the KFM image, a clear observation is that after 20 paths the etched 
region is strongly modifi ed, but no more defi nitive conclusion can be made at this 
step. The CPD profi le (here the sample is grounded) associated to the three etched 
areas does not exhibit signifi cant modifi cation of the surface potential for one path, 
while an apparent decrease down to –350 and –500 mV for 10 and 20 paths, respec-
tively, is observed. The observed modifi cations can be explained by several factors 
such as a lead loss or a gallium implantation. Some authors have observed the sub-
stitution of Ga ions for Pb ions, i.e., PZT before FIB etching becomes GZT (G 
stands for Ga) after etching [ 29 ]. Such substitution occurs because lead compound 
is preferentially etched (high sputtering yield) and gallium is implanted.

   To compare impact of FIB lithography on PZT fi lms etched in amorphous and 
crystallized states, we performed additional experiment under the same protocol 
(tip, instrumentation confi guration, and sample grounding). The KFM measure-
ments were made on the two fi lms with the same tip during the same day to exclude 
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measurements perturbations by extrinsic factor. The results are presented in 
Fig.  17.7 . The high-contrast difference obtained for the etched fi lm in crystallized 
state (Fig.  17.7b ) between the exposed and unexposed zone confi rms the strong 
damage induced by the ion beam and the consequent modifi cation of the surface 
potential. On the contrary, only weak damage (low-contrast variation) is observed 
for the etched fi lm before crystallization (etched in the amorphous state), as seen in 
Fig.  17.7a . The profi les of the contact potential acquired across the exposed regions 
for the PZT fi lms etched in both states are depicted in Fig.  17.7c . It confi rms that the 
increase of surface potential between the un-etched surface and the surface of PZT 
etched after crystallization is very large (~350 mV). The implanted charges are 

  Fig. 17.6    KFM signal measured on the PZT fi lm etched after crystallization presenting regions 
exposed at various path number of the Ga +  ion beam. Corresponding profi les for each etched areas 
are presented. Figure reprinted with permission from [ 26 ]. Copyright 2010, American Institute of 
Physics       
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similar in both samples, but for amorphous fi lm we can presume that the annealing 
treatment leads to the neutralization of these charges, inducing a slight decrease of 
the CPD (~10 mV). However, depending on the etching process, the properties of 
the etched regions have to certainly differ. In terms of material, the difference must 
not to be only due to the presence of charges on the sample surface, but some crystal 
defects (dislocations), substitution between Pb and Ga elements [ 29 ], and implanta-
tion of metallic Ga +  were probably maintained on crystallized etched fi lm but not in 
the amorphous etched sample, owing the annealing treatment. To highlight this 
result, the absolute surface potential value across the etching areas is depicted in 
Fig.  17.8 . We remark a very small potential difference (~15 mV) between the un- 
etched surface and the amorphous etched region, while a large difference (about 
300 mV) is measured between the un-etched and conventional FIB-etched surfaces. 
Consequently, a clear modifi cation of the surface potential is observed after etching, 
especially for the region exposed to conventional FIB, i.e., on crystallized PZT fi lm. 
These fi ndings point out the surface after conventional FIB etching is dramatically 
changed and damaged, while the surface exposed to amorphous FIB process is 

  Fig. 17.7    KFM images recorded for PZT fi lm FIB etched in the ( a ) amorphous and ( b ) crystal-
lized states. ( c ) Profi le of the contact potential corresponding to the PZT fi lms etched prior and 
after crystallization. The position of the scans is specifi ed in both KFM images. Figures reprinted 
with permission from [ 26 ]. Copyright 2010, American Institute of Physics       
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almost unchanged, which is corresponding to the above Raman results. As a result, 
it is clearly observed that such amorphous etching can reduce the etching damage 
on the surface. We can relate these results to the three following reasons. First, this 
method can reduce the surface roughness induced by etching. In previous work, the 
grain boundaries were found to be favorably etched because of the lead excess at 
these boundaries and the etching rate of lead oxide is higher than titanium or zirco-
nium oxides [ 50 ]. Moreover, lateral etching which leads to the grain boundary wid-
ening can add to the etching process. The excess of physical atom bombardment can 
occur at the grain boundary, which results in the quick etching rate at this local area, 
and then increases the roughness after etching. On the other hand, the etching rate 
about the crystalline structure is anisotropic. Indeed, the effect of Ga ion bombard-
ment depends on the atom density. Different orientations for crystalline planes 
induce several atom densities; therefore the etching rate is different and the rough-
ness increases after etching. In the case of amorphous etching, there is neither grain 
boundary nor crystalline structure, which allows to consider the etching rate as iso-
tropic and thus the roughness will be reduced. In our experiments, the roughness of 
the ion-exposed regions is about 1.2 and 5 nm after amorphous and conventional 
FIB etching, respectively. This roughness reduction can improve the electrical prop-
erties of PZT fi lm. Second, for amorphous etching process, the damaged layer on 
amorphous PZT fi lm surface induced by Ga ion bombardment can be almost crys-
tallized into the ferroelectric perovskite phase by the post-annealing treatment. This 
leads to a minor degradation at the surface, which is shown in the above Raman and 
KFM results. Finally, there is no ferroelectric domain in the amorphous PZT fi lm, 
and it is well known that the charged defects at the fi lm surface induced by the ion 

  Fig. 17.8    Absolute surface potential measured by KFM across the regions after hardest amor-
phous FIB etching ( fi lled square ) and hardest conventional etching process ( open triangle ). Figure 
reprinted with permission from [ 25 ]. Copyright 2009, American Institute of Physics       

 

A. Ferri et al.



429

bombardment can limit the domain mobility and decrease the amplitude vibration 
(which will be proved by the results in Fig.  17.10 ). This effect will not exist in amor-
phous FIB etching case.

    In this second part, we focused on the results and discussions about the fabrica-
tion of PZT nanostructures (named nanoislands). The typical MIM capacitor 
imaged by SEM is shown in Fig.  17.9 , where the diameter is 50 nm. The profi le of 
the islands is almost the same for the different etching process; thus only one nano-
structure is presented here. The etching anisotropy observed (α angle ~45° in 
Fig.  17.9 ) is probably due to the selectivity between Pt and PZT compounds. It 
should be noted this effect could be a limitation of the FIB process and it seems 
diffi cult to scale down the island diameter with this technique. By considering the 
results discussed above and prior to pattern the fi lm, a Pt top electrode used as a 
mask was sputter-deposited to protect the top of the island. In this case, only the 

  Fig. 17.10    Local amplitude piezoloops measured on PZT islands of 50 nm in diameter after ( a ) 
conventional etching process, ( b ) post-annealing at 625 °C under O 2 , and ( c ) amorphous FIB etch-
ing process (then crystallized)       

  Fig. 17.9    SEM image of a PZT nanoisland of 50 nm in diameter fabricated by Ga +  FIB etching. 
The angle α is related to the etching selectivity between Pt and PZT compounds. Figure reprinted 
with permission from [ 26 ]. Copyright 2010, American Institute of Physics       
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few defects introduced into the sidewall layer of islands are taken into account. All 
the structures etched onto the Pt top electrode can be observed on the Fig.  17.2 . 
Local piezoactivity was directly measured onto the etched PZT nanoislands by 
PFM. The comparative results of the PFM measurements on the islands of 50 nm 
of size are depicted in Fig.  17.10 . We can observe that no electromechanical 
response is obtained when the islands are fabricated from crystallized PZT sample, 
even after a recovery treatment in O 2  atmosphere (we also used a Pt mask in this 
process), as seen in Fig.  17.10a, b , respectively. Instead, a strong piezoelectric 
response is still detected in the case of nanoislands patterned from amorphous fi lm 
then post- annealed at the crystallization temperature (see Fig.  17.10c ). Interesting 
is that the local piezoactivity (~3 mV) obtained for island as small as 50 nm is simi-
lar to values measured on 100 nm islands, but higher than values determined on 
larger nanocapacitors (~2 mV) whose diameter was ranging from 100 nm to 1 μm [ 17 ]. 
The notable enhancement of piezoactivity when the size of the PZT island 
decreases, and especially to 100 nm, could be due to a size effect owing the reduc-
tion of the substrate clamping effect. Another explanation would be the existence 
of parasitic effect due to “in air” electrostatic interaction between the AFM tip and 
the fi lm surface. This effect is more pronounced when the PZT island diameter 
decreases [ 30 ]. From the achieved piezoloops, it can be seen that if FIB etching is 
performed before PZT crystallization, the nanoscale electrical properties of islands 
can be preserved compared to conventional etching process. We attribute this phe-
nomenon to the possibility that the sidewall damages can be diluted if the PZT 
island is fabricated by amorphous FIB etching process. Indeed, charged defects on 
the amorphous PZT surface after etching may also be reduced with the thermal 
process, which would avoid the possible electrical breakdown effects on the side-
wall. During the island etching, the implantation of Ga +  ions is preferentially on 
the sidewalls of the nanostructure, but after annealing, gallium can migrate into the 
crystalline lattice of PZT island and fewer charged defects left on the sidewall. 
Hence, from these results and those obtained on etched continuous fi lm, we dem-
onstrate that the roughness reduction, the small degradation of the surface, and no 
ferroelectric domain etching can effectively reduce the sidewall effect and make 
the amorphous FIB etching process a very suitable and promising etching way for 
the fabrication of MIM nanostructures with no degradation in electrical properties. 
We can presume the post- annealing treatment (at temperature corresponding to the 
perovskite phase formation) following the etching process could suppressed the 
eventual small degradations induced is the amorphous one. Besides, as observed 
above, the signal measured on crystallized etched islands cannot be restored after 
usual post- annealing. These results contradict to those published by Stanishevsky 
et al. [ 29 ] where the acceleration voltage of Ga +  ions was larger (50 kV) and thus 
it should induce stronger damages. To explain the fully destruction of the piezosig-
nal, we performed C-AFM experiments by directly recording local current–voltage 
I(V) curves onto the similar 250 nm PZT islands fabricated by the conventional 
FIB process (etching on crystallized fi lm). For these measurements, a DC bias was 
applied to the substrate holder and the Pt top surface was grounded. Typical I(V) 
curve measured is depicted in Fig.  17.11 . The current rapidly increases with the 
applied voltage indicating a strong local conductivity related to the existence of an 
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electrical conducting channel. This evidences the very strong damages due to Ga +  
ion implantation in the crystallized PZT nanoislands, in particular on the island 
walls, and can point out the associated loss of electromechanical behavior. In addi-
tion, due to this sidewall effect, we know the leakage currents are more important 
when the island diameter decreases to nanometer dimensions; thus higher leakage 
currents should exist for 50 nm islands, which could be considered for explaining 
the complete absence of piezoactivity for such small MIM nanocapacitors obtained 
by conventional Ga +  FIB process. As a remark, we note the current density is in the 
order of maximum density of metallic material without degradation but depends on 
the joule heating. We believe it does not damage the sample because the character-
istics were reproducible. Besides, if it is destructive with I(V) curves, then it should 
be also destructive under PFM loop experiments (samples are biased in the same 
manner without protection; in the case of C-AFM, the current is limited by the 
amplifi er gain to 500 nA). This observed conductivity improvement is thus respon-
sible of the absence of electromechanical activity previously observed on the 
etched zone of the crystallized fi lm (see Fig.  17.4 ).

17.4          Conclusion 

 The damages induced by Ga + -FIB technique on two kinds of nanostructured PZT 
fi lms, i.e., in amorphous or crystallized state before etching, were evaluated in view 
of obtaining nanocapacitors. These damages are found to be very strong in the case 

  Fig. 17.11    Local I(V) curve measured by C-AFM technique on crystallized etched PZT island 
with 250 nm in diameter. Figure reprinted with permission from [ 26 ]. Copyright 2010, American 
Institute of Physics       
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of crystallized PZT fi lms, and the piezoactivity is fully destroyed even after a post-
annealing treatment. Both the implantation of Ga +  ions and the fi lm amorphization 
highlighted by Raman spectroscopy and KFM analyses can explain this result. 
However, when the etching is performed in the amorphous state, no signifi cant deg-
radation is observed. The latter process is thus used to successfully fabricate PZT-
based nanocapacitors by means of FIB method. In 50-nm-size capacitors, the local 
electromechanical behavior is measured by PFM at similar level that the one obtained 
for the un-etched fi lm evidencing no manifest sidewall effect. Consequently, this fur-
ther confi rms that amorphous FIB lithography process can reduce the etching dam-
ages, demonstrating this is a suitable alternative method and very benefi cial to the 
development of the piezoelectric-based devices in the fi eld of NEMS applications.     
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Abstract Fabrication and rapid prototyping of nanolines for different nanoelectronics 
or NEMS applications using FIB is an important science and technology issue. The 
nanolines due to large surface energy are susceptible to liquid-like instabilities. The 
process of nanofabrication by FIB leads to modifications of these instabilities. 
These instabilities arise due to fundamental reasons and can break up nanowires/
nanolines when the lateral dimension (diameter/width) typically falls below 
40–50 nm. In this chapter the physics concepts that can lead to the instabilities 
have been discussed. The experimental observations of the instabilities in metal 
nanowires/nanolines produced using FIB etch on a variety of substrates have been 
discussed to bring out such effects as the effect of ion-beam-induced roughening, 
de-wetting, charging and adhesion of the films to the substrates. We show that such 
instabilities also occur in FIB patterned nanolines of complex oxides. The presenta-
tion done in this chapter is a review of the state of art of the activity although not all 
inclusive or extensive.

18.1  Introduction

One of the central themes in modern-day fabrication is miniaturization down to 
submicron length scales. Focussed ion beam (FIB) provides a versatile enabling 
tool for top–down fabrications down to submicron levels and often down to even few 
nanometre scales [1]. Use of FIB as a tool for nanofabrication has a number of impor-
tant physical attributes; foremost, however, is the process of sputtering by the inci-
dent ion beam that leads to size reduction. Though the process of sputtering is the 
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principal process, there are a number of other physical effects like roughening- and 
smoothening-induced processes, surface energy and capillary effects, de- wetting 
and local heating which start playing important role as the size is taken below 
100 nm and particularly below 50 nm. Different aspects of the fabrication of nano-
structure using FIB will be discussed in different chapters of the book.

In this chapter our focus is on nanostructures like nanowires and nanolines and 
instability that sets in these nanostructures on size reduction using ion beams. We 
will use the name nanowires and nanoline interchangeably to mean long objects 
with narrow widths and will refer to them generally as NW. There is, however, a 
clear distinction that one would like to note (see Fig. 18.1). A nanowire is a long 
cylindrical object with well-defined diameter (d) and length (l) and l > > d and the 
d ≤ 100 nm. Nanowires are fabricated by bottom–up methods using vapour phase 
deposition or chemical methods including such process as electrochemical growth 
in nanoporous templates [2]. A nanowire can be self-supported. A nanoline is gen-
erally made by a top–down method using one or more methods of nanolithogra-
phy and is supported on a substrate (although one can have short segments of 
self- supported nanolines). For instance, electron beam lithography with vapour 
phase deposition and lift-off is a popular method for fabricating a nanoline in 
sub-100 nm regime. The method of fabrication leads to a rectangular cross-section 
defined by a width (w) and thickness (t) where w ~ t and length l > > w, t. To define 
a single scale for lateral dimension as an effective diameter (deff), one can use the 

definition d
perimeter t

eff º =
+( )

p p
2 2w

 (see Fig. 18.1). In the rest of the chapter, 

we will treat d and deff at par for an NW and use d to mean both diameter of a nanowire 
and effective diameter of a nanoline.

d l t

w

l

Nanowire

l

Nanoline

ππ
perimeter

deff
( )tw 22 +=≡

Fig. 18.1 One-dimensional structures that have been investigated for instability formation
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In this chapter our focus is on these instabilities that become prominent in NWs 
with small diameters (d < 50 nm) and lengths (l) that are much larger than the diam-
eter (l > > d). The surface energy-driven instability (referred to as Rayleigh–Plateau 
instability [3, 4]) can occur spontaneously even in the absence of ion beam, when 
the diameter of the NW is taken below a critical size dc. However, in the presence of 
ion irradiation (particularly low-energy ion irradiation) where the reduction in size 
is due to the sputtering process, other competing interactions come into play and 
contribute to the instability process. This is most prevalent in metal NWs and has 
been extensively studied in them as discussed below. However, they also can occur 
in insulating materials like oxides, which make the occurrences of the instability a 
general phenomenon. For applications, the NW needs to be supported on a sub-
strate. This brings into considerations factors related to the surfaces that are techno-
logically important like Si (with native oxide or treated with buffered HF), SiO2/Si 
(SiO2 grown on Si with typical thickness of few hundreds of nm) and Si3N4.

The study of the instability that occurs in ion-beam-processed NW is important 
not only from the view point of fundamental knowledge, but it is an important phe-
nomenon that can limit applications of particularly metallic NWs of small diameter 
in nanoelectronics. In order to use metallic NW in these applications, for example, 
as interconnects, they must have well-defined stable morphology and well-defined 
geometries. Si microfabrication technology is used for making NEMS/MEMS 
devices. Study of stability of NW on substrates of Si or related materials is thus an 
important knowledge area to develop methodology for producing circuits for nano-
electronic applications or nanodevice fabrications.

The chapter has six sections including the current section. In Sect. 2 we discuss 
some of the fundamental physics issues that give rise to/control the process of for-
mation of instabilities in NWs. This will be a background information that is needed 
for the rest of the chapter. In Sects. 3 and 4, we discuss some of the reported obser-
vations in this area that elucidate the phenomena. While in Sect. 3 we discuss obser-
vation of liquid-like instability in the absence of ion beams, in Sect. 4 we discuss the 
observation of the instability in the presence of ion beams. This is followed by a 
discussion of effects of substrate in such instabilities to highlight such issues as 
adhesion or charging. Section 6 gives a brief observation of the effects as seen in 
complex oxides.

18.2  Background Information

In this section we discuss some of the basic physics that we need to understand the 
instabilities in FIB fabricated nanostructures. To be specific, we will focus on nano-
line or nanowire structures. Some of the ideas below have been developed for 
2-dimensional structures like films. It is possible to extrapolate the ideas developed 
to nanolines. Working on nanowires-/nanoline-type structures can make the math-
ematics simpler in selected cases and one can achieve quantitative understanding.
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The instabilities that are observed in the NWs have some important ingredients. 
One of the basic causes for instability in NWs arises from the predominant contribu-
tion of surface energy or the surface tension that gives rise to liquid-like instabilities 
often referred to as Rayleigh–Plateau instabilities [3, 4]. This instability is sustained 
by surface diffusion and thus has a temperature dependence. In the presence of ion 
bombardment, the primary effect is sputtering which adds momentum to the atoms 
of the nanostructures and leads to roughening [5]. (In Fig. 18.2 we show a simple 
schematic that highlights different processes that take place when high-energy 
heavy ions impinge on a solid.)

The initiation of roughening by radiation introduces additional length scales for 
instabilities. When they are present together, they can act in tandem, and in most 
practical situations, both the liquid-like Rayleigh–Plateau instability and the 
radiation- induced effects are present although one of them may dominate. At elevated 
temperatures or due to localized heating produced by ions, de-wetting of the line 
structure can occur which can modify the instabilities [6]. (For de-wetting see the 
review in Ref. [7].) In the following subsections, we provide simple descriptions of 
the above effects. For details the original papers can be referred. The scope of our 
discussion is not to be exhaustive but to provide adequate background that would 
help us in various observations.

The process of creating a nanoline or similar nanostructures by downsizing larger 
structures (top–down) using FIB (which we term as “nanopatterning”) is an involved 
process. The subsections below bring out these complexities. The main purpose of 
the chapter is to make the reader aware of the complexities and the various factors 
that determine the processes and how effectively they can be controlled.

Fig. 18.2 A cartoon of various processes that occur due to ion–material interaction
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18.2.1  Rayleigh–Plateau Liquid-Like Instabilities

When the size is reduced to below 100 nm in number of nanomaterials, due to the 
predominance of surface energy, instabilities of different types can set in. For 
instance, it may lead to an instability in crystal structure in closed packed metallic 
system between structures that are energetically similar (e.g., transition between 
hcp and fcc structures [8]). In some systems there can be spontaneous shape transi-
tion or faceting [9]. These instabilities are “solid like” that they occur only in solid 
systems. However, when the force due to surface energy becomes comparable or 
more than the Yield strength, the solid can break up leading to surface energy- 
dominated “liquid-like” instabilities.

A cylindrical object is intrinsically unstable towards liquid-like instability when 
the surface energy dominates over the Yield strength and the system breaks down to 
nearly spherical droplets. This has been initially proposed by Plateau and elaborated 
later on by Rayleigh in case of a liquid cylinder [3, 4]. Rayleigh considered insta-
bilities due to surface tension and explained the modulation of its free surface when 
the modulation preserves the volume.

The modulation in the form of oscillations in the diameter of the liquid cylinder 
(d) (radius r) occurs when the modulation wavelength (λ) is larger than the circum-
ference of the cylinder (λ > πd). The driving force for this surface modulation is 
derived from the decrease of the surface area which makes the modulation energeti-
cally favourable. The modulation (or the instability) can lead to break-up of the 
liquid cylinder when the diameter is below some critical value (dc).

The above ideas can be extended even for a solid cylinder [10]. We can make the 
idea quantitative with a simple picture that will explain the existence of a critical 
diameter (dc) [11]. For a wire of length l and diameter d and made from a material 
with Yield strength σY, the maximum tension it can sustain before the tension 
breaks the cylinder is F dY Y=

p
s

4
2 . This balances the force due to surface tension 

Fs s= -
p

s
2

d . When the surface tension wins over (|Fs| > FY), the material undergoes 

plastic flow (like a liquid), and if the length l ≥ λ > πd, the Rayleigh instability will 
set in leading to breakdown of the solid wire like a liquid cylinder. From the relation 
above, a critical diameter dc

R can be defined so that when the diameter falls below this 
value, the Rayleigh instability is expected to set in. The critical diameter is given as

 
d s

Y
c
R º

2s
s  

(18.1)

Generally in a solid σY is larger than that of a liquid by few orders (nearly 6–7 
orders) of magnitude. As a result in a solid the instability occurs for dc

R typically in 
the range of few tens to few nanometre range. In FCC materials like Cu, Ag, or Au 
(which are the materials from which NW are often made), σY ≈ 1 − 1.5 N/m and their 
Yield strength σY ≈ 100 − 200 MPa. The critical dc

R below which |Fs| > FY | will 
be ≈ 1–30 nm. Thus a metallic NW with its diameter approaching this range will 
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show Rayleigh–Plateau instability. This analysis implies that for metal nanowires 
with lateral dimension of a few tens of nm, liquid instabilities should occur. In 
Fig. 18.3 we show a simple schematic of a cylinder that develops a modulation of a 
given wavelength leading to breakdown into spherical droplets as a result of 
Rayleigh–Plateau instability.

Nichols and Mullins [10] have extended Rayleigh’s perturbation approach

to solids. Consider a cylinder of length and uniform initial radius R
d

0 2
º  subjected 

to a varicose (volume preserving) perturbation of wave vector k º
2p
l

, (λ is the 

wavelength). The radius R(y,t) of the wire as a function of y along its axis can be 
expressed as

 
R y t R b ky t,( ) = + ( )  ( )0 1 cos exp w

 
(18.2)

where b
R

R
º <<

d

0

1  is the fractional change in the radius due to the perturbation δR 

and the last term is the time-dependent term that describes the temporal growth of 
different modes of perturbation (see Fig. 18.4 for a schematic). For cylindrical 
nanowires of length l undergoing volume conserving modulation of the radius, the 
fractional change in radius b and the wave number of modulation k are not indepen-
dent quantities and are related by the relation:

Radius R0

dsp

λm

Fig. 18.3 A cartoon of Rayleigh–Plateau instability leading to breakdown of a cylinder into 
spheres
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Perturbations as stated earlier will have a kinetics of growth (or decay), and for 
wavelengths that lead to instability, they should grow in time. Perturbations with 
wavelength λ > πd are expected to increase spontaneously in amplitude becoming 
more pronounced with time [11]. In particular, those perturbations with λm ≈ 9R0 
would grow fastest. These perturbations would eventually cause the solid cylinder 
to break up into a row of spheres with an average spacing λm and diameter 
dsp ≈ 3.78R0.

The dispersion relation between k and ω is given as [12]

 

w2 0

0
3

1 0

0 0

2
0
21=

( ) ( )
( )

-éë ùû
s

r
s kR

R

I kR

I kR
k R

 

(18.4)

The dispersion relation as given by (18.4) is plotted in Fig. 18.5. ω > 0 for kR0 < 1. 
When ω > 0 and large for that mode, the radius quickly decays to zero, a node devel-
ops, and this acts as the point where the cylinder breaks down. From Fig. 18.5 we 
can also see that the fastest growing mode that occurs at the wave vector is given by 

k
Rm =

0 693

0

.  which corresponds to λm ≈ 9R0, the wavelength which defines the 

spacing of the spheres when the cylinder breaks down into spheres (see Fig. 18.3).
While classical considerations apply for the onset of Rayleigh–Plateau instability, 

there are important contributions that can occur due to quantum effects from the 
conduction electrons in metallic nanowires. It has been observed that metallic 
nanowires of smaller dimensions with diameter < dc

R can be made stable [13]. 
In addition to the surface tension, the electron confinement in nanowires of very 
small diameter gives rise to quantum-size effects which become more important as 
wire diameter is reduced closer to the atomic scales [11]. In fact the liquid-like 
instability can be completely suppressed at some of the magic radii of the nanowire. 
This arises due to “shell effects” which is an electronic effect in cylindrical nanow-
ires similar to electronic shells in atoms. Competition between surface tension and 
electron- shell effects produces a complex pattern of stability, with regions of stabil-
ity for certain “magic” diameter values. These magic sizes are defined by the scale 

y

z

x

y R (y,t) = R0 [1+b cos(ky )]exp(−wt)

λ=2π k

Fig. 18.4 A cartoon of the perturbation of the radius at the onset of liquid-like instability
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of the Fermi wave vector kF and it occurs for certain values of the product kFR0. 
Since for metallic systems typical kF

− 1 ∼ 0.1 nm and the shell effects are predicted 
for kFR0 ≤ 25, these effects will arise when the value of R0 reaches few nm.

The above scenario is valid for a self-standing nanowire in the absence of ion 
beams. For a supported nanowire where the effect of the substrate can alter the sur-
face tension, additional considerations apply. The Rayleigh criterion should be valid 
for all wire sizes, but due to kinetic limitations, its effects have not yet been observed 
for macroscopic objects.

18.2.2  Effects of Ion Beam

The presence of ion beam, particularly those with energy range that can cause 
sputtering, can lead to significant modification to the instabilities and in some 
parameter space can even dominate. The interaction of the ion beam with a material 
depends on its energy. In the energy regime the FIB instruments work (beam 
energy < 100 keV), the primary effect of ion beams is to sputter away the material 
and thus induce roughening that can grow with time. In this range, the heavy ions 
that are used in FIB machines have a stopping distance RP < 100 nm. In Fig. 18.6 we 
show the stopping range of Ga+ ions of energy 30 keV, as it impinges on Au film on 
Si, obtained by using SRIM code. This is a structure (Au on Si) that is relevant for 
this chapter that we will discuss later on. It can be seen that at this energy, the ions 
stop within the film. This happens when the range RP < film thickness. For higher 
energy and/or thinner films when RP > film thickness, the ions will cross the film and 
will stop inside the substrate below.

The sputtering of the material also breaks down an important condition for the 
Rayleigh instability that the volume is conserved. There are other effects like 
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de- wetting which may arise due to localized heating from ion beams. We discuss 
these specific effects in the next subsection.

An effective model for the simultaneous effect if ion beams and Rayleigh insta-
bility has been worked out recently [6]. We describe the model briefly below. In this 
model, sputtering has been treated in the framework of Sigmund theory [5]. When 
the ions in the ion beam penetrate the material, it spreads its kinetic energy to the 
neighbouring sites. This leads to ejection of material whose rate (yield) of ejection 
from a point is proportional to the energy accumulated there by all ions. In Sigmund 
theory of sputtering, the distribution of kinetic energy is assumed to be a Gaussian. 
A schematic of the geometry used for the model is shown in Fig. 18.7.

In Sigmund theory the sputtering rate depends on the local curvature. The  erosion 
rate of the radius is given by the equation [6]

 

¶
¶

= - +
R

v
R

z

t 0

h

 
(18.5)

where 1/<R> = (1/Rz − 1/Ry) is the mean surface curvature and the two terms are 
given as
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Fig. 18.6 SRIM code- 
generated simulation of Ga 
ion (30 keV) range in  
Au film on Si substrate.  
In the example shown, the 
range ~20 nm is less than  
the film thickness of 50 nm 
(Data courtesy Dr. K. Das)
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Fig. 18.7 Schematic of  
the model used. Taken from 
Ref. [6] (Reproduced with 
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Ω = atomic volume, Λtarget = constant for target, εion = ion energy, F = ion flux, 
a = ion penetration depth and αt and αl are transverse and longitudinal cascade sizes, 
respectively.

The above equation shows the uniform rate of sputtering given by the first term 
that is modified by the curvature-dependent term. The above equation, in the pres-
ence of capillary effects (the surface energy contribution), is modified by an addi-
tional term that depends on double derivative of the curvature <R>− 1 and the surface 
tension σs, surface diffusion coefficient Ds and the number of diffusing atoms per 
unit surface area n.

The differential equation in the presence of both effects can be written as [6]
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where D
nD

k T
R= Ñ -s s

B

s W 2
2 1

The stability analysis of the NW can be made from the above differential equa-
tion. The perturbation in radius δR will have a kinetics of growth given approxi-
mately by the first-order differential equation [6]:

 

1
0

2 2
0

2 2 2
0

2 2

b

b

t
R m R k D m R k

¶
¶

» - +( )é
ë

ù
û +( ) -é

ë
ù
û

- - - h
 

(18.9)

The modes of the modulation are given by m which is a positive integer. From 
the above equation, it can be seen that the perturbation will grow and will contribute 
to the instability if the right-hand side of (18.9) is positive. This can happen if both 
the terms are positive or both negative. When both the terms are positive, 

R m R k0
2 2

0
2 2- -> +( ) >

h
D

 so that 
R

D
o <

h
; when both terms are negative, one 

obtains the opposite situation R
D

o >
h

. Importantly for both the limits, the pertur-

bation can grow leading to instability. Since D ∝ T− 1 (see 18.8), even one may start 
from the situation 

R
D

o >
h

, and by increasing the temperature crossover to a 

regime with R
D

o <
h

. η, the radiation-related term is mostly independent of T. 

Similarly, for a fixed T, one can increase the ion energy (εion) and/or the ion flux (F) 
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and start from a regime R
D

o <
h

 and cross over to the regime R
D

o >
h

 as the 

parameter η increases on enhancing the ion-beam-related parameters. When the 

relation R
D

o <
h

 is satisfied, the maximum wave length is given by
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When the radiation is absent (η ≈ 0) or its effect is small (ηR0
2 < < D), λm → 8.89R0, 

which is the value obtained for capillary effect (Rayleigh instability) alone. When 
the nanowire breaks under capillary effect, λm gives the spacing of the spheres that 
results from the instability of the wire and its eventual breakdown. For smaller R0, 
λm ∝ R0 as is expected from Rayleigh instability. However, the ion bombardment 
inhibits the instability and the growth of the λm and makes the dependence on R0 
sublinear (see Fig. 18.8).

18.2.3  Effects of Ion-Beam-Induced De-wetting

The presence of an underlying substrate can make qualitative difference between a 
nanowire that is free standing (e.g., as those grown from templates by electrochemi-
cal growth) and a nanowire that is supported by a substrate. The differences will 
primarily come from the nature of the substrate whether it promotes wetting (by 
adhesion) or it leads to de-wetting. The other two effects that are important will be 

20

600 Rayleigh instability

ion induced instability T=320 K

T=300 K

Rc Rc

λmax

λmax

500

400

W
av

el
en

gt
h 

(n
m

)

300

200

100

60

Radius (nm)

80 100 12040

Fig. 18.8 Dependence of the wavelength of the modulation in radius as a function of the radius of 
the wire (see 18.9). Taken from Ref. [6] (Reproduced with permission from AIP)
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heat conduction and also effect of charging that may come from charged ions as 
they deposit themselves within the body of the film. The effect of charging will be 
discussed in the next subsection. The local heating would lead to effects like local 
enhancement of the parameter D leading to inhomogeneous parameter values and it 
can promote de-wetting, a factor that we would discuss in this subsection.

De-wetting is a surface-tension-driven phenomena [7], and for a metal film of 

surface tension σs when it is heated, a de-wetting will occur if s s >
1

2
wadh , where 

wadh is the work of adhesion. The de-wetting of metal films on substrates like glass/
silica has been studied [14]. A typical example of de-wetting created by heating is 
shown in Fig. 18.9.

It has been found that this also can introduce its own length scale as a periodic 
pattern with wavelength l

zdewetting

t
»

5 13 2.  [15], where t is the thickness of the film 

and ζ is the characteristic of the material and depends on combination substrate and  
film. For a Au film on fused silica of thickness t ≈ 50 nm, the measured λdewetting ≈ 2 μm 
[15] and λdewetting reduces to ≈ 0.4 μm for t ≈ 20 nm. It can be seen that for a real 
system, the length scale of de-wetting λdewetting is generally comparable to but larger 
than λm. If the scale of instability in a metal film on a substrate leading to breakdown 
into droplets is determined by the smaller of the two scales, it is expected that λm 
will determine the scale.

While the phenomena of de-wetting can be driven thermally at elevated tempera-
tures, at lower temperatures (T < < Tm), it can be induced by ion beam. The ion beam 
deposits energy within the solid which causes local heating (thermal spike model 
[16]) which then can lead to de-wetting. There is kinetics associated with this phe-
nomenon. The time scales of thermal spike (heating and subsequent cooling) need 
to be faster than the time scales of de-wetting for the Rayleigh instability to grow.

Though not important at low keV or few tens of keV range, at higher energy 
(≥1 MeV), there are other factors, like strain in the film/strain relaxation due to ion 
beams, which become important [17]. These issues are not discussed here. However, 
the reader needs to be aware of these effects.
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Fig. 18.9 Panel (a) shows de-wetting of a film of Cu (thickness) on fused silica. Panel (b) shows 
a line scan taken by a scanning near-field optical microscope (Ref. [14]) (Reproduced with permis-
sion from APS)
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18.2.4  Effects of Charging

When film or a nanowire is exposed to ion beam, it can accumulate charges due to 
the charged state of the ions. In low-energy ion beams, the charged state is a singly 
charged state, but due to low energy, the ion stops within the bulk of the material. 
For instance, in Fig. 18.6, we show the simulation (using SRIM code) of Ga+ ions 
of energy 30 keV in a film of Au on Si. It can be seen that the range of the ions is 
~20 nm. If the films used have a thickness >20 nm, the ions will stop within the bulk 
of the film and will deposit its charge. The charge will relax to the substrate which 
in turn will relax it to the ground. If the film is in a substrate that is insulating, then 
there is a possibility that there will be accumulation of charge in the film. This can 
create a stress within film. The effect of this can be seen when the liquid-like insta-
bilities set in.

When an electrically conducting liquid is charged electrically or is exposed to an 
electric field, the shape of the liquid deviates from its equilibrium shape determined 
by the surface energy. Briefly, when the liquid is static, there are two competing 
forces (surface tension and the electrostatic stress) that contribute to the stable shape 
of the liquid. The force on the droplet leads to formation of a cone called Taylor 
cone. If the two forces are balanced everywhere on the cone (the equilibrium shape), 
then one can write
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2
0

2e
s

E
R

= s

cone  
(18.11)

where E is the electric field on the surface due to the charges and Rcone is the princi-
pal radius of the cone. The potential is constant on the surface, and since E ∝ Rcone

− 2, 
the surface potential has the form V ∝ Rcone

− 2P1/2 cos(θ) where P1/2 is the Legendre 
polynomial of order ½ and θ = π − φ/2, φ is the cone apex angle. The free surface 
becomes an equipotential when the Legendre polynomial of order ½ has its zero for 
θ = 130.7° corresponding to φ/2 = 49.3° and with a very specific whole angle of the 
cone of 98.6°. In this situation the free surface of the liquid takes its equilibrium 
shape of a cone called the Taylor cone. Beyond a critical applied potential, this leads 
to liquid jet that carries material out from the liquid [18]. This is schematically 
shown in Fig. 18.10. Interestingly Taylor cone formation plays a deciding role in 
liquid metal ion sources like Ga sources in FIB machines. Recent experiments with 
FIB-produced metal lines clearly show that formation of a Taylor cone can indeed 
occur due to charging and the jet can carry material out of the film breaking the 
condition of volume conservation as required for Rayleigh instability.

Another way the charging effects can nucleate instability is the process of struc-
tural instability of localized kind initiated by the electrostatic force of the accumu-
lated charge when it exceeds the Yield strength of the film. This is similar to the 
concept of “Coulomb explosion” that happens in the context of swift heavy ions in 
solids [19]. In this case local charging of a localized region creates enough potential 
energy gradient that can lead to the instability. We can make a simple model for this 
in the following way in an insulator:
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Suppose there is accumulation of charges in a localized area in a material with 
average lattice spacing a. Suppose there are N units of electronic charge (e) caused 
by ionization of atoms at the lattice site. This will give rise to an electrostatic stress 

s
pe eelectro

N e

a
»

2 2

0
44

, where ε is the relative dielectric constant of the medium. Taking 

the approximate Yield strength sY Y~
1

10
, we can obtain an estimate of N for 

which such an instability can occur which is given as N
a Y

e
»

4
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2

pe e
. This esti-

mate is valid for an insulator, and in a metal nanoline where the charge can relax, 
this will not be an issue. However, in a case where the film thickness is smaller than 
the ion range, the ions will stop in the insulating substrate below. The charging- 
induced instability in the substrate then can be a spot where the instability can 
nucleate. This particular issue has not been addressed to in any form when nanolines 
are exposed to ion beams of relatively lower energy (few tens of keV).

18.3  Experimental Observation of Rayleigh Instability  
in Nanowires in the Absence of Ion Beams

Though the instability in the presence of ion beam is the main focus of the paper, it 
is worthwhile to consider the observation of the instability in the absence of ion 
beam. This is to mainly make us aware of the pure Rayleigh instability in metal 
nanowires (free standing) or metal nanolines on a substrate.

Liquid-like instabilities were studied in Ag nanobelts with thickness down to 
10 nm [20]. Thermal stability of Cu nanowires (diameter ~30–50 nm) was studied 
in the temperature range of 400–600 °C [21]. It was found that the nanowires were 
unstable against Rayleigh instability even at a temperature as low as 400 °C which 
is much less than its melting point of Cu. The onset of Rayleigh instability at such 

Fig. 18.10 A schematic of 
formation of Taylor cone in a 
charged liquid. The cone 
apex angle is ~89.6°
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a low temperature occurs due to onset of large-scale diffusion that is needed to sus-
tain the Rayleigh instability that can occur at temperatures as low as 0.2 − 0.3Tm. 
The nanowires exhibit thermal stability above 50 nm and show diameter-dependent 
fragmentation below this value. An example of  breakdown of an NW due to liquid-
like instability is given in Fig. 18.11.

While nanowires of smaller diameter break down into spherical droplets due to 
the Rayleigh instability, wires of somewhat larger diameters often show formation 
of necks as can be seen in Fig. 18.12 for a 100 nm Ag nanowires grown in a template 
and exposed to electrons in a transmission electron microscope. Even nanowires 
constrained by templates show fluctuations in diameter leading to corresponding 
variations in local resistance. The resistance fluctuations occur due to fluctuations in 
radius in the area of cross-section of the wire due to the instability [22].

Morphological instabilities in Au nanowires (diameter ~25 nm) heated up to 
500 °C were studied [23]. At this temperature range, the wires break up into spheres. 
A quantitative evaluation was made of the wavelength of the instability λm and the 
diameter spheres so formed dsp and their dependence on the starting wire radius R0. 
While both λm and dsp have a linear dependence on R0 as is expected, the observed 
values of both the parameters deviate from the theoretically predicted values (like 
λm ≈ 9R0) and show larger values. While the presence of substrates and surface 
energy anisotropy due to crystallographic orientations has been the suggested rea-
son, no clear cause for the deviation has been established.

500 °C

600 °C

500 nm

500 nm

d

l

Fig. 18.11 Breakdown of a nanoline on thermally induced instability. Taken from Ref. [21]. 
Reproduced with permission from AIP
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18.4  Instability in Metallic Nanowires Under Ion Beams

The investigations of instability in nanowires under ion-beam exposure have been 
carried out mostly using Ga+ ions in a FIB machine. These ions have energy 
≤30 keV. However, there are studies using Ar+ or Xe+ ions at lower energy ≤1 keV 
or He+ ions with energy in the range of 1–2 MeV. The change of ion energy changes 
the depth of penetration as well as the sputter yield. The nature of the energy trans-
fer from the ion to the nanowire/film/substrate changes as the ion energies increase. 
At lower energies the dominant mode of energy transfer is through nuclear colli-
sions, and at higher energies (Energy >1 MeV) the transfer of energy occurs through 
electronic loss. In the following we present the reported studies on the ion-beam- 
induced instabilities. It can be seen that there is clear evidence of formation of 
Rayleigh-type liquid-like instabilities in ion-beam-irradiated metal lines. In addi-
tion, there are also other effects that are present as expected based on the back-
ground information in Sect. 2. The ion-beam-induced effects are often intimately 
connected to the phenomena of de-wetting which facilitates the formation of 
instability. The ion beams also bring forward the effect of charging which we dis-
cuss separately in the next section.

One of the first studies that used ion-beam-induced Rayleigh instability and de- 
wetting to pattern metallic nanostructures was done by Lian et al. [24]. They used 
vacuum-evaporated and FIB-written Co lines (initial width 200 nm) for ion-beam 
irradiation using Ga+ ions at 30 keV and at current of 100 pA in a FIB machine. Si 
(100) was used as a substrate. Progressive ion-beam irradiation breaks the nanolines 
into regular spherical chains. In this case the ions were scanned over the whole 

Fig. 18.12 Formation of neck 
in a silver nanowire (diameter 
100 nm) due to onset of 
instability (Data courtesy  
Dr. Avik Bid)
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surface of the film. Ion-beam sputtering over the film surface leads to thinning of the 
width, and when the width reaches ~50 nm, the instability occurs leading to break-
down of the lines. The wavelength of the modulation in the wire width (a quantita-
tive measure of the instability) and the sphere diameter was found to be comparable 
to the prediction from Rayleigh instability.

When the ion-beam irradiation is performed on Co lines of widths that are larger 
(>400 nm), the ion-beam-induced sputtering leads to splitting of the lines at the 
middle (along the long axis) into two wires which on further progress of the sputter-
ing breaks each of the parallel lines into spheres. The splitting of the wires with 
larger width into two parallel wires with smaller widths occurs due to ion-beam- 
induced de-wetting. The sputtering rate is curvature dependent. There is preferential 
sputtering at the centre of lines with larger width leading to initiation of de-wetting 
along the centre region of the line. The value of dsp in this experiment was found to 
be less than that what is expected from pure Rayleigh instability. The discrepancy 
was proposed to arise from sputtering.

Comprehensive investigations of morphological instability of Cu lines (with 
widths down to 100 nm and thickness in the vicinity of 100 nm)) exposed to Ga ions 
with energy ~10 keV were carried out [6] and compared with a theoretical model that 
includes both effect of ion beam and capillary effects. The films were made on Si 
(100) with native oxide. In this case also the film was exposed to uniform ion irradia-
tion across the film surface. At the beginning of the ion treatment when the width is 
larger, the line width decreases linearly with sputtering time and there is no periodic 
pattern that forms. When the line width reaches a critical value, the modulation forms 
and eventually there is breakdown into spheres. The data are shown in Fig. 18.13.

The experiment clearly shows the existence of a critical diameter (dc < film thick-
ness) so that when the line width falls below that diameter, the liquid-like instabilities 
set in and the line breaks into spherical particles. However, there is a clear distinction 
between the case of breakdown of lines into spheres in the case when the Rayleigh 
instability is initiated by thermal de-wetting alone and the case when the ion beam is 
used. In the first case the pattern formed is regular, while in the later case it is somewhat 
irregular with diameter of spheres thus formed showing large variability. This variabil-
ity can be due to the randomness that is inherent in the ion- beam bombardment.

Ion-beam-induced de-wetting has been studied on nanolines of Au and Pt (width 
~60–400 nm, thickness 8–25 nm) [25]. Ga+ ions with 30 keV energy in a FIB 
machine have been used. They observe that the ion beam can induce directed de- 
wetting. The de-wetting process leads to formation of modulation of the width at the 
rim. For both Pt and Au, the instability sets in at around 35 nm for wider lines 
(~200 nm) and 22 nm for lines with less width (~85 nm). The formation of the 
de-wetting- initiated instability involves flow of material from rims to interior. They 
find that the break-up of lines (instability) has all the signature of Rayleigh instabil-
ity where the most probable wavelength λm ≈ 9R0. They estimate from the energy 
balance of the ion-beam-deposited energy that the region where the ion beam falls 
is a molten region and the de-wetting starts at the molten regions. In this case also 
the formation of the spherical particles from the instability has random spacing as 
has been seen in other studies that used ion beam to initiate instability.
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Use of low-energy exposure (energy <1 keV) for producing nanolines is of 
importance as this may have direct application in sputtering of nanolines. Low- 
energy ion beams have been used to produce Au nanowires of effective diameter 
<10 nm by “downsizing” larger nanowires through ion-beam sputtering [26]. 
They found that Ar + irradiation at 200 eV beam energy produced stable nanowires 
by sputter “downsizing” of 60 nm wide, 50 μm long wires on a silicon wafer. 
Strongly contrasting results were obtained using a 500 eV beam of Ga + ions focused 
to a spot of diameter 11 μm. Using Ar+ ions of low energy, one could obtain stable 
nanowires even down to an effective diameter less than 10 nm (width 16 nm, thick-
ness 5 nm) as shown in Fig. 18.14.

In case of Ga+ (energy ~500 eV), there is some degree of Ga implantation near 
the surface. The Ga content of the downsized structure was found to have a destruc-
tive effect, causing the ensuing nanowire to break up into a collection of islands. 
This was explained in terms of the interaction between the Au deposit and nanocon-
densates of Ga in the form of liquid droplets. That this occurs at room temperature 
was explained by the fact that Ga nanoparticles have lower melting point than 
bulk Ga.

Fig. 18.13 Radiation- induced initiation of instability in Cu nanolines. As the wire is progressively 
exposed to the ion beam, the initial stable line forms modulation of its width with eventual break-
down to spheres (from Ref. [6]). Reproduced with permission of AIP
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Ion beam that induced the instability in Au nanolines on Si3N4 membranes has 
been investigated [27]. These membranes are often used in making MEMS/NEMS 
devices. The typical substrate used was 200 μm × 200 μm window of Si3N4 mem-
brane (200 nm thick). The membrane is supported by a silicon frame. This is also 
used as electron-transparent substrate for use in transmission electron microscopy. 
The Au film (50 nm thick) was grown on the Si3N4 membrane. Nanopatterning to a 
nanoline (nanowires) was done using 30 keV Ga+ in a FIB machine.

The length of the nanolines is around 5 μm. The patterning was done by sputter-
ing the Au film from two sides instead of uniform exposure to the ion beam as has 
been done in the studies mentioned above (see Fig. 18.15 for a cartoon).

The EDAX data shown in Fig. 18.16 show the distribution of Ga ions in the 
nanoline so formed. NW widths ranged from more than 200 nm down to 20 nm with 
rectangular cross-section.

The NW on a beam of the nitride membrane is stable for width in the vicinity of 
100 nm or so (see Fig. 18.17a). The instability starts to appear once the width is 
taken below ~50 nm (Fig. 18.17b, c) and the breaking down to spherical droplets 
occurs for width ~20 nm. For a 20 nm width nanoline, the effective radius R0 ≈ 22 nm 
and the expected modulation wavelength for a Rayleigh instability without the pres-
ence of ion beam are λm ≈ 9R0 ≈ 198 nm. The observed modulation wavelength is 
~165 nm. This smaller value is due to the presence of the ion beam as expected from 
(18.10) for 

h
D

R0
2 0 44» . .

Fig. 18.14 (a) Au line on Si initial effective diameter 60 nm. (b) Thinned down to effective diam-
eter 9 nm, width 16 nm and thickness 5 nm with 200 eV Ar+ ions. The low energy of the ions 
ensures a smaller effective diameter without being affected by Rayleigh instability. Data from 
Ref. [26]. Reproduced with permission of IOP
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Fig. 18.16 Analysis by EDAX shows concentration of Ga ions at the edges for nanolines with 
width >50 nm. For smaller width ~2× beam size, the Ga can be detected over the film width (Data 
of EDAX courtesy Dr. K. Das)

Fig. 18.17 Progressive narrowing of a Au nanoline made on a Si3N4 membrane. (a) Stable nano-
line on the bar with width ~100 nm. (b) Appearance of small modulations as the width reaches 
50 nm. (c) The liquid-like instability sets in when the width is <40 nm (Data from Ref. [27]) 
(Reproduced with permission from Elsevier)

The exposed region to
ion beams have
effective  size ~20nm.

Fig. 18.15 Schematic of nanopatterning nanolines used by Naik et al. [27] by milling the line 
from edges as opposed to uniform exposure to ion beam. When the width ~2× effective ion beam 
size (~20 nm), the exposure is over the whole nanoline
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The presence of a 4 nm adhesion layer inhibits the instability which sets in at a 
much smaller width of 15 nm. In this case, by controlling the breakdown of the 
nanoline, one can make nanogaps that can be used as electrodes. As shown in 
Fig. 18.18, one can obtain a gap of width ~20–25 nm.

18.5  Effects of the Substrates on Ion-Beam-Induced 
Instabilities

The previous sections brought out the important role played by the ion beam in 
modifying the liquid-like instability that sets in metal nanowires. In actual applica-
tions the nanowires are supported by substrates of different types like Si with or 
without native oxides, Si with thick grown oxide (~300 nm) often used in making 
back-gate FET and Si3N4 membranes that are used to make NEMS/MEMS cantile-
vers. The substrate can play its role mainly through two effects. First, it can modify 
the surface tension σS through the presence/absence of adhesion layer and second, it 
can enhance/inhibit charge build-up during ion bombardment through its electrical 
conductivity. In a similar fashion, the substrate thermal conductivity can influence 
formation of thermal spike induced de-wetting phenomena discussed in the section 
before. However, there is no clear experimental study or simulation that addresses 
this very important issue. In the following two subsections, we discuss the effects of 
surface passivation and the surface electrical conductivity. It is observed that both 
factors can influence the liquid-like instability and can lead to formation of NW of 
smaller diameters when the adhesion is better and the substrates have higher 

Fig. 18.18 Fragmentation of 
30 nm Au nanoline on the 
membrane leading to 
formation of a 20 nm 
nanogap (Data from Ref. 
[27]) (Reproduced with 
permission from Elsevier)
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electrical conductivity ensuring better charge relaxation. Better surface adhesion 
through passivation and better electrical conductivity inhibit the instability-driven 
spherical droplet formation and lead to stable short NW of smaller effective diam-
eter approaching sub-10 nm regime [28].

The experiments for these investigations were carried out with physical 
vapour- deposited Au films (50 nm), with an underlying Cr adhesion layer of 
thickness 4 nm. The presence of the Cr layer on substrates like SiO2 promotes 
adhesion and inhibits formation of the instability. The nanowires in these experi-
ments were taken down to the desired line width using FIB sputtering. The lines 
were obtained by sputtering materials from the edges rather than by uniform ero-
sion by ion beam as has been done in some past work (see Fig. 18.15). This avoids 
damage of 30 keV Ga+ ions (beam current ~30 pA) at an energy of 30 keV. The 
nanowires produced have rectangular cross-section with widths ranging from 
more than 200 nm down to 10 nm; their starting length in each case is 2 μm. For 
these experiments where the wires were patterned by sputtering from edges, the 
ion spot employed should have much smaller size (<30 nm). The spot size can be 
tested by checking the width of a milled section on a substrate like Si. Though 
this spot diameter is of the same order as the width of the nanowires, the dose of 
Ga ions received by the bulk of the nanowires can be tested by using EDAX. 
A line scan EDX measurement was carried out across the gold wire along the line 
shown in Fig. 18.16 to reveal the distributions of Au, Cr, Si, N and Ga. The N and 
Si peaks appear from the substrate while Au and Cr are due to the wire and its 
adhesion layer. As expected, the concentration of Au shows a steep rise in the 
wire region where there is also a small increase in the concentration of Cr. The Ga 
contamination is localized at the outer edges of the NW of larger width where the 
effects of the ion-beam milling are concentrated with some limited spread into the 
nanowire due to the non-Gaussian tails on the focused ion beam (FIB). However, 
for smaller widths of NW (width ~2× spot size), there is accumulation of Ga in 
the film. This method of sputtering/milling the wire from edges as opposed to 
uniform sputtering has an advantage that it helps to make nanowires of smaller 
dimensions.

18.5.1  Effect of Adhesion

The effect of adhesion can be seen by the presence or absence of the native oxide 
layer on Si substrates. The adhesion can also be improved for films like Au using Cr. 
It has been seen that the presence of Cr layer inhibits the onset of the instability. 
As a simple rule it can be stated that anything that promotes the wetting of the film 
on the substrate will reduce the instability and anything that facilitates the film to 
de- wet will promote the instability.

The effect of FIB reduction of wire width on two nanowires made on a Si wafer 
(100) with 4 nm native oxide can be seen in Fig. 18.19a, b. The starting wire had a 

A.K. Raychaudhuri



457

width of 100 nm and shows no instability. Thinning the wire width to 35 nm initiates 
the onset of instability as shown in Fig. 18.19a. The instability leads to the formation 
of Au spheres in a number of spots on the nanowires which gives it a rather irregular 
appearance. On lowering the width further, a nanowire of width ~15 nm was achieved 
as shown in Fig. 18.19b with the formation of more spherical regions due to fluid flow.

However, when the native oxide is removed by buffered HF and the surface is 
passivated with F, the Au NW retains its morphology down to 40 nm with occur-
rence of limited instabilities (see Fig. 18.20a, b). For width below 40 nm, the radial 
perturbation of the wire becomes pronounced with appearance of spheres that 

Fig. 18.19 Formation of instability on Au nanoline on Si wafer with native oxide. (a) Shows for-
mation of the instability with approximate wavelength of 120 nm when the width is taken down to 
below 35 nm (Figure from Ref. [28], reproduced with permission of AIP) and (b) on further expo-
sure after the onset of instability short stretches of nanowires with widths ~15 nm or less form 
(Data courtesy Dr. K. Das)

Fig. 18.20 Formation of instability on Au nanoline on Si wafer passivated by buffered HF. (a) 
Instability sets in with width <30 nm. (b) On further ion beam exposure, short strands of nanowires 
with width ≤10 nm can be seen (Data courtesy Dr. K. Das, jointly taken with Dr. J. Naik)
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appear along the length of the wire, which sometimes can have large diameters 
varying from 50 to 70 nm. However, in some occasions, the NW does not completely 
fragment into isolated spheres: instead the fragments remain connected by thin fila-
ments of width down to ≤10 nm (Fig. 18.20b). This is distinctly of smaller width 
than that seen on a film made on unpassivated surface.

The possibility of having stable nanowires of smaller width using passivated 
surface by inhibiting the instability is a distinct possibility and needs to be investi-
gated more.

18.5.2  Effect of Substrate Conductivity

The effect of charge transport from the film due to irradiation can nucleate/facilitate 
formation of instability as discussed in Sect. 2 above. The two physical effects that 
can cause this are (a) electric stress leading to formation of Taylor-like instability 
and (b) Coulomb explosion from strong Coulomb potential of accumulated charge. 
The charge transport from the film during irradiation is controlled by conductivity 
of the underlying substrate. Though this can be an important factor, barring a recent 
study, there are no comprehensive experimental investigations of the effect of sub-
strate conductivity yet. The initial results show that the substrate conductivity can 
indeed be a factor that affects the instability.

The experiments reported here were done on Au films with underlying Cr layer 
on substrates of different conductivity like Si with different level of doping (as 
stated before), Si substrate with SiO2 grown on it and on Si3N4. The experiments 
show that as the substrate conductivity goes up, facilitating transport of charge, 
there is lowering of the critical diameter when the instability sets in. This implies 
the nanowires are stable to less diameter when they are grown on substrate with 
more conductivity. However, the dependence on the substrate conductivity is rather 
weak and the dependence of the minimum width w on the conductivity σ is logarith-
mic in nature as shown in Fig. 18.21.

It is also observed that after the instability occurs, there is formation of short lengths 
(0.5–1 μm) of wires of small diameter (see Sect. 5.1). This diameter also reduces as 
the conductivity is enhanced. Some of the details of the results are shown below.

Figure 18.22a, b shows the results for Au NW fabricated on heavily doped Si 
wafers of conductivity σ ≈ 100 S/cm in the presence of native oxide and following 
buffer HF treatment, respectively. Figure 18.22a shows much thinner NW formation 
(width below 40 nm) without break-up due to liquid instabilities for the wafer with 
higher conductivity. For the highly conducting wafer (see Fig. 18.22b), after the 
instability sets in finally, a wire of minimum width of 8 nm is obtained (approximate 
continuous length ~250 nm). The results demonstrate a noticeable change in the 
stability of the wire depending on the doping of the substrates and the conductivity.

The conductivity of the substrate can be further reduced using Si substrate with 
thermally grown SiO2 (thickness 300 nm). Figure 18.23 shows the results for 300 nm 
SiO2/Si substrate. Similar results are obtained for 200 nm Si3N4/Si substrate.  
The fluid flow instability effects are apparent even for the wider wires in this case.
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For instance, the instability starts to occur when the width of the nanowire is 
taken down to even 80 nm. In addition, Taylor cones, associated with charging 
due to the insulating substrate, are clearly seen on the sides of the NW. The mag-
nified part is shown inset of Fig. 18.23. The half angles of the cone are seen to be 
very close to the value of 49.3°. In this case, after the instability sets in, one may 
observe formation of stable NW of width ~15 nm which is much smaller than the 
width of ~8 nm observed for ion-beam-processed NW grown on more conducting 
wafers.
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Fig. 18.21 Dependence of 
the smallest width of 
nanowires on substrate 
conductivity

Fig. 18.22 Formation of instability on Au nanoline on heavily doped Si wafers with conductivity 
~100 S/cm. (a) Instability on a wafer with native oxide. The instability sets in when width is well 
below 50 nm. (b) Stability of wires with narrow width ~10 nm coexisting with spherical droplets 
of larger size formed on wafers with passivated surface. (Data from Ref. [28]) Reproduced with 
permission from AIP
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18.6  Instability in Nanopatterning of Complex Materials

Nanopatterning of metal nanolines and the resulting instabilities, as discussed 
above, have been investigated by a number of groups. However, the issue of insta-
bility in complex materials like oxides has not been addressed to yet in a compre-
hensive way. In the following we present some preliminary results on observation of 
onset of instabilities in complex oxide films (e.g., WO3). The sample used in this 
study was a thin film of WO3 grown on oxidized Si (SiO2/Si) and on SrTiO3 (STO). 
The films were exposed to 30 keV Ga+ ions in FIB machine with an ion current 
~28 pA. These are similar parameters of ion beams which have been used in studies 
of metal nanolines. The films used had a thickness t ≈ 300 nm. The grown films 
were initially made into nanolines of width w ≈ 150 nm. The lines are then exposed 
to ion-beam milling at the edges. As shown in Fig. 18.24, the nanolines are stable 
against the milling at the edges at least till w ≈ 50 nm on both the substrates. 
However, at smaller width, instabilities appear in the nanolines, which also leads to 
pronounced variation in the film thickness as can be seen in Fig. 18.24b, where 
images are shown with a tilt. The results qualitatively are similar for both the sub-
strates although there are important quantitative differences in the value of w at 
which the instability starts. It appears that in the SiO2/Si substrate, the instability 
starts at somewhat smaller values of the width.

It has also been observed that it is possible to get smaller segments of even 
smaller width as in the metallic systems when the films are patterned on SiO2/Si 
substrate. As shown in Fig. 18.24a, there is a nanoline with smallest diameter 
~11 nm and length 2 μm produced by ion-milling the edges. The modulation along 
the edges can be seen but the line is stable. The data shown here are preliminary and 
the instability in nonmetallic systems during ion-beam patterning needs to be inves-
tigated with more rigorousness.

Fig. 18.23 Formation of 
instability on Au nanoline on 
Si wafer (lightly doped) with 
300 nm grown oxide. The 
low conductivity of the wafer 
leads to formation of 
instability even when the 
width is ~80 nm. The inset 
shows the formation of the 
Taylor cone liquid jet. Data 
from Ref. [28]. Reproduced 
with permission from AIP
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18.7  Conclusions

The morphological stability of nanowires and nanolines, fabricated by FIB milling, 
is an important issue that may limit the applicability of the method in nanofabrica-
tions. These instabilities have basic physical reason for their appearances. It is 
important to appreciate that these instabilities appear even in the absence of ion- 
beam irradiation mainly due to predominance of surface energy. The effect of the 
ion beam is to modify the instabilities. We presented a brief summary of the various 
physical effects that contribute to the instability. The theory of conventional surface 
energy-driven Rayleigh–Taylor instability was developed for nanowires where the 
instability leading to oscillations in diameter occurs under the constraint of con-
served volume. The ion-beam-induced sputtering breaks that important constraint 
and adds additional important factors.

The experimental observations suggest that Rayleigh–Taylor instability is one of 
the principal causes for these instabilities. However, the observed instabilities show 
effects of ion-beam-induced roughening, de-wetting and charging of the substrate. 
We have also shown example of different substrate-induced modifications of the 
instability. For instance, the presence of an adhesion layer of Cr in case of Au films 
and passivation of the Si surface by buffered HF treatment are some of the factors 
that can change the extent of instability and the critical diameter where the instabil-
ity appears. Recent experiments have also shown the importance of the substrate 
conductivity in determining the value of the critical diameter where the instability 
sets in. Nanostructures grown on substrate that reduce charging facilitate fabrica-
tions of smaller wires.

Fig. 18.24 Formation of instability on complex oxide (WO3) formed on two substrates (a) SiO2/
Si and (b) SrTiO3 (STO) formed by pulsed laser deposition. The films of thickness ~300 nm were 
patterned by FIB (Ga, 30 keV) (Data courtesy Dr. B. Ghsoh and Dr. K. Das)
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Finally, we have shown that the instabilities induced by FIB are not confined to 
metallic nanostructures only and can be observed even in nanolines of complex 
oxides. These observations would need further investigations.

The important issue of instabilities in nanolines formed by FIB needs further 
investigation that can address the parameters involved in a controlled way and also 
thus can lead to better understanding. In fact the possibility that one may get nano-
lines with width <10 nm is intriguing and production of such sub-10 nm nanolines 
in controlled way reproducibly will add tremendous value to the use of these 
nanolines.
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Abstract The introduction of mass-separated systems in the field of focused ion 
beams significantly increases the area of application in nanotechnology due to the 
availability of a broad spectrum of ions with the same advantages compared to clas-
sical Ga instruments. A short description of the configuration of a mass-separated 
FIB tool is given as well as the fundamentals of alloy liquid metal ion sources. 
Examples of application include patterned tailoring of functional surfaces and ion- 
induced phase transformation in thin layers, in particular the Si nanowire fabrica-
tion by FIB implantation and subsequent wet-chemical, anisotropic etching and the 
FIB lithography of thin ta-C films. Furthermore, the ion beam synthesis (IBS) of 
CoSi2 nanostructures by Co-FIB writing and annealing, and the modification of 
surface morphology by various mono- and polyatomic projectiles in a broad energy 
and temperature range in different materials are described and discussed.

19.1  Introduction

Ion beam nanotechnology evidently provides an impressive variety of tools avail-
able for many applications, offering precision and predictability, together with the 
special virtue of nanometer dimensional control. Focused ion beams (FIB) in the 
ion energy range 1–50 keV are able to locally modify or pattern solid-state surfaces 
with nanometer resolution directly, without any lithographic processes. Fundamental 
processes of ion beam interaction with materials, like doping by ion implantation, 
material removal and redeposition by sputtering, secondary particle generation for 
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ion microscopy or analysis, beam writing for ion lithography or gas assisted ion 
beam etching and material deposition from precursor gases are used in modern FIB 
tools having a resolution down to about 5 nm for Ga+ ions at beam currents in the 
range of 1 pA [1, 2].

Today, modern FIB machines are applied as powerful tools in cross section 
sample preparation for high-resolution transmission electron microscopy (X-TEM) 
investigations by local ion beam sputtering (milling). In contrast to conventional 
TEM-sample preparation techniques, FIB milling opens the possibility to prepare 
the TEM specimens at the place of interest from large-area samples with high 
spatial resolution. Furthermore, cross-sectional cuts prepared by FIB milling can 
be easily investigated by methods of analytical scanning electron microscopy 
(SEM) [3]. Nowadays, most of the FIB columns are combined with SEM columns 
in one system as so-called dual-beam or cross-beam machines, firstly proposed 
by Sudraud et al. in 1988 [4 ] which are at present one of the workhorses in 
nanotechnology.

Ion sources used in FIB systems are mostly liquid metal or liquid metal alloy ion 
sources (LMIS) providing a very high brightness of ~106 A cm−2 sr−1. The point like 
ion emission from an LMIS has the ability to provide an ion beam spot of ~5–10 nm 
in diameter (FWHM). In general, the LMIS has the advantage of high ion beam 
intensities and relatively long lifetimes. Furthermore, they have a simple design 
and are easy to operate. Micro- and nano-focused ion beams have a wide field of 
applications nowadays, for example, in microfabrication and nanofabrication, 
materials analysis, and space propulsion. Consequently, this type of ion source has 
been studied by many groups and there exist many review articles [5–7] and books 
[1–3, 8] giving an overview of the development and the technology as well as about 
the physics and application of LMIS in FIB tools. For special applications, like 
high rate milling, ECR sources [9] or ICP sources [10] for noble gases (Xe) deliver-
ing currents in the microampere range are used in FIB systems today. For highest 
resolution, ion microscopy field emission ion sources [11] for He or Ne are applied 
able to facilitate a spot size of 0.35 nm. But these types of sources are not the issue
of this chapter.

This work is concentrated on the application of LMIS, especially alloy type 
sources, in modern FIB columns with mass separation (ExB filter), which are able 
to provide several kinds of ions, isotopes, and clusters in addition to the usual Ga+ 
ions. These alloy LMIS are successfully used for materials research and develop-
ment in microfabrication and nanofabrication [12]. Roughly, the emerging applica-
tions of mass-separated FIB in nanofabrication can be divided into following 
classes:

• Maskless ion implantation on sub-micrometer scale to fabricate prototype 
devices, e.g.:

 – Si-based nanostructures (NEMS) using different kinds of ions
 – Si1−xGex-based nanostructures using Si+ and Ge+ ions from one LMIS
 – Nano-optical devices with rare earth ions, e.g., Nd+ and Er+

 – Doping of magnetic nanodevices with Co+ and Ni+ ions
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• High-rate contamination free FIB milling (not Ga+ ions!) in semiconductor 
industry

• Low-damage FIB imaging using, e.g., Li+ and Si+ ions
• Three-dimensional microfabrication and nanofabrication

Furthermore, the unique properties of the mass-separated FIB together with alloy 
LMIS providing high ion fluxes for a lot of ion species, from light ions (Li, C, Si) up 
to heavy ions (Au, Bi) and even polyatomic ions (cluster), enables time-saving inves-
tigation of different material science issues. Examples among many, which have 
been researched in detail, include, e.g., fast measurements of ion sputtering yields 
(milling rates) for different ion-target combinations [13], ion flux-dependent defect 
evolution in crystalline materials (Si, Ge, SiC, etc.) [14], strain analysis of laterally 
ion beam patterned semiconductor surfaces [15], local defect engineering and local 
tailoring of functional properties of materials [16], writing ion beam- induced phase 
transformation and separation in different materials [17], surface patterning in the 
form of self-assembled periodic dots or ripples after heavy ion impacts [18].

In most of these examples different kinds of ions and high fluences are required 
to achieve the desired materials modifications, which can easily be realized by 
mass-separated FIB. Meanwhile, the use of mass-separated FIB with optimized fea-
ture definition and correlation distances to generate functional nanopatterns seems 
to be a likely strategy. Future development of direct patterning, in 3D or for direct
surface functionalization, including self-assembly, in particular for prototyping may 
well be more amenable to future manufacturing requirements.

In this contribution the design principle and operation of the FIB tool with ion 
mass-separation inserted into the ion column will shortly be described, followed by 
an overview of available alloy LMIS with their main characteristics developed in 
the Institute of Ion Beam Physics and Materials Research of the Helmholtz-Zentrum
Dresden-Rossendorf. The selected examples for applications of the mass-separated
FIB in nanoscience and nanotechnology fall into the following categories:

• Local tailoring of functional surface properties and patterned ion-induced phase 
transformation and separation in thin layers by Ga FIB implantation.

• FIB assisted synthesis of solid state phases on the nanometer scale.
• Self-organization of regular surface pattern under FIB irradiation with heavy ions.

19.2  Configuration of Mass-Separated FIB Tools

The ion optics of modern FIB columns is quite similar. The main components are 
the ion source, mostly an LMIS, a first lens (condenser), a set of beam defining 
apertures, correction and deflection units (octupoles), and finally a focusing lens 
(objective). For imaging and analytical purposes different detectors for secondary 
electrons or ions can be applied. A comprehensive overview about FIB column 
design is given by Orloff [19]. Most of the present FIB columns work with a Ga 
LMIS due to its convenient handling (see next section). To enlarge the application 
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field of FIB to other species than Gallium, alloy LMIS can be applied, but they 
require a mass separation system, i.e., an ExB mass filter (Wien-filter), with a selec-
tion aperture to choose a certain ion mass and the ion charge state. The two basic 
configurations of ion optics are shown schematically in Fig. 19.1 [20].

The FIB column can be operated in different modes. For high current applica-
tions a crossover mode is used as well as bigger apertures, resulting in a weaker 
resolution. For high-resolution operation at low currents, i.e., small aperture, a par-
allel beam characteristic is preferred, because beam broadening by Coulomb inter-
action can be avoided. The beam spot size can be estimated by

 
d Md d d= ( ) + +q S C

2 2 2 ,
 

(19.1)

where d is the beam spot diameter at the sample measured as FWHM, dq is the virtual 
source size, which is a function of the ion mass and current according to (m0.5 i)0.45 
and is in the range of 20–50 nm [21]. M denotes the magnification of the column. 
The quantities dS and dC represent the contribution due to the spherical and axial 
chromatic aberrations, respectively, which are defined as:
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CS and CC are the spherical and chromatic aberration coefficients of the ion opti-
cal column, respectively, α is the acceptance half-angle on the target and can be 
determined by α = [i/πm2(di/dΩ)]1/2 with m the ion mass, i the ion current, and di/dΩ 

Fig. 19.1 Typical FIB column geometry without (a) and with mass-separator (b)
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the angular intensity. ΔE is the energy spread of the LMIS and E is the final ion 
energy. For the above described column, operating with an ion current in the range 
lower than 1 nA, the chromatic aberration determines the spatial resolution with a 
d ~ i1/2 dependency, whereas for the high current operation the spherical aberration 
becomes the dominant contribution according to d ~ i3/2 [22]. This formalism is in 
principle also valid by switching to a mass-separating column (Fig. 19.1b). The 
main difference is the introduced ExB mass filter, which is explained schematically 
in Fig. 19.2. An electric field is applied to the beam and leads to a bending. On the
same place a magnetic field is located, which brings a charged particle perpendicu-
lar to a circular orbit. The radius is dependent on the mass of the ion species. Now, 
the fields are adjusted in a manner that for a given mass the divergence of the trajec-
tories from a straight line are compensated and the wanted particles pass the separa-
tion aperture. The mass resolution of an ExB filter can be written in the following 
form [5]. The geometric quantities may be derived from Fig. 19.2.
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Uacc is the acceleration voltage of the ion beam and Ex the electric field strength 
of the filter perpendicular to the ion optical axis. The ExB acts as a velocity filter 
and separates the beam according to the mass-to-charge ratio, which has to be taken 
into account for Uacc.

For a given geometry, the sensitivity of the filter increases with decreasing ion 
energy as shown in Fig. 19.3. m/Δm is in the range from 30 to about 100 in com -
mercially available FIB columns. So light elements like Li up to heavy polyatomic 
ions of more than 1,000 amu q−1 (e.g., Bi5

+) can be separated from the source emit-
ting spectrum.

Fig. 19.2 Operation
principle of an ExB mass 
filter
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If the ExB filter can be switched off, a mass-separating column can also be used 
for single element LMIS, which focuses all species in one spot, but a marginal 
reduction in the spatial resolution is obtained by the transversal velocity compo-
nents in the longer drift space. Nevertheless, the next section is focused on alloy ion 
sources in addition to single element LMIS.

19.3  Liquid Alloy Ion Sources: Fundamentals  
and Applications

Liquid metal (or metal alloy) ion sources (LMIS) have found their wide application 
in FIB tools due to their characteristics as a high brightness point source. In order to 
focus an ion beam into a spot size of a diameter much smaller than 1 μm, a source 
is needed, which emits the ions from a very small area into a limited solid angle. To 
meet this demand several types of LMIS such as needle-type LMIS and capillary- 
type LMIS have been proposed. The needle-type ionizer [23] is most commonly 
used in FIB tools. As an example an SEM image of an AuGeSi alloy wetted tung-
sten emitter is shown in Fig. 19.4 [12].

The application of LMIS was initiated about 50 years ago with the aim of devel-
oping ion-thrusters for satellite navigation, but finally, a very suited point-like 
source for FIB was created. A detailed picture of the history of LMIS is given else-
where [1, 2].

Demands on metals on metal alloys used in LMIS are: (1) a relative low melting 
point to minimize any reaction (or interdiffusion) between the liquid and the W nee-
dle, (2) a low vapor pressure at the melting point conserving the supply of metal and 
yielding in a long source life, (3) a low surface free energy (high surface tension)
promoting viscous wetting behavior on the W needle, (4) good mechanical, electri-
cal, and vacuum properties, and (5) emission characteristics enabling high angular 
intensity with a small energy spread [12]. Therefore, Ga with a melting point of 
Tm =29.8 °C is considered most suitable and is mostly used in FIB tools. Additionally,
compared to other suitable low melting elements (e.g., Rb, Cs) Ga has the advantage

Fig. 19.3 Dependence of the 
mass resolution on the ion 
energy for the ExB filter of a 
CANION 31MPlus FIB
Column (Orsay Physics)
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that the emitted ion mass spectrum contains about 99 % singly charged ions.
Therefore, no mass filter is needed and the ion column design becomes easier due to 
the use of electrostatic ion optics, which is mass-independent. Thus, the majority of 
commercial FIB systems operating worldwide are suited only for Ga ions.

The energy spread ΔE of a LMIS is a crucial parameter in view of its influence on 
chromatic aberrations and thus on the final spatial resolution of a FIB system. ΔE of 
the near-Gaussian-shaped ion-energy distribution represents the work expended to 
create an ion from the surface of a solid or liquid in the presence of the electric field, 
E. In a surface field-ionization, e.g., field-evaporation, mechanism, it is given as [24]

 
D L jE n I n

n
n c( ) = + -å ,

 
(19.4)

if the ion is n-fold ionized. Λ is the binding energy (heat of evaporation) of the atom, 
subsequently ion. In is the nth ionization potential of the atom; φc is the work func-
tion of the retarding electrode. The evaporation field is the value of the electric field 
for which the field-reduced potential energy barrier, seen by an escaping ion, is 
equal to zero. It can be written as [24]
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Here φ is the work function of the emitter and e the fundamental electronic 
charge. According to Brandon [25], if E(n = 2) < E(n = 1), the ion is likely to come 
out as doubly charged, or dominate in the beam, and vice versa. For singly charged 
ions the predicted dependence of the energy spread on the ion current, the mass and 
the temperature is proportional to ΔE ~ I2/3 m1/3 T1/2 [26, 27], which was reasonably 
confirmed for a broad spectrum of elementary as well as alloy LMIS. For a consis-
tent emission current of 15 μA the energy spread for singly charged, doubly charged 
and several polyatomic ions obtained from retarding field measurements is plotted 
in Fig. 19.5 [28].

Note that ΔE is much smaller for the minimum stable current of the certain emit-
ters, i.e., 5 eV for Ga+ at 1 μA [8]. For sources, emitting a manifold of ion species 
of different charge states, mono- and polyatomic ions other dependencies may be 

Fig. 19.4 SEM image of an 
AuGeSi alloy wetted tungsten 
emitter
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obtained [29]. For practical application the LMIS should operate at the lowest stable 
emission current in order to minimize the chromatic aberration [8].

Another significant parameter of the LMIS behavior is the I–V curve giving an 
advice about the impedance of the source. The expected current from an emitter can 
be calculated following the model of Mair [37].
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r is the Taylor cone radius, γ the surface tension coefficient, φ the Taylor cone 
half-angle of 49.3°; m the atomic mass of the source material, e the electronic 
charge, V0 the onset voltage, and V the extraction voltage.

The emission-temperature behavior is also important, in particular for alloy 
sources at elevated melting temperatures to find a stable operating point. Furthermore, 
the mass spectrum is giving information about which species are available at certain 
intensities [28]. A typical mass spectrum of a GaBi alloy LMIS as a function of the 
emission current is shown in Fig. 19.6 [38].

With the development of modern FIB columns with mass-separation (ExB filter), 
it became possible to provide several kinds of other ions from metal alloys in LMIS, 
which are successfully used for research and development in microfabrication and 
nanofabrication [1, 3, 7, 28]. The utilization of these unique point-like sources in FIBs 

Fig. 19.5 Energy spread of singly charged, doubly charged, and polyatomic ions (cluster) as a 
function of their mass-to-charge ratio obtained from alloy LMIS like AuGeSi, AuGe [30], AlCeC 
[31], ErFeNiCr [32], CoNd [33], GaBiLi [34] and from pure metal LMIS for Ga, Sn [35], and Bi 
[36] at a constant emission current of 15 μA
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Fig. 19.6 High-resolution mass spectrum of a GaBi alloy LMIS for different emission currents

Table 19.1 Elemental and eutectic alloy materials for LMIS

Selected ions Liquid element or alloy Tm (°C) Reference
Without mass-separator
Ga+ Ga 29.6 [28, 39]
In+ In 157 [40, 41]
Bi+ Bi 271 [36, 42]
Rb+ Rb 39 [43]
Cs+ Cs 26 [44]
With mass-separator
In+, (Ga+) In14Ga86 14.2 [28]
Sn+, Pb+ Sn74Pb26 183 [35]
Bi+, (Ga+) Ga38Bi62 222 [38]
Bi+, Li+, (Ga+) Ga35Bi60Li5 250 [34]
Au+, Ge+ Au73Ge27 365 [45]
Au+, Ge+, Si+ Au77Ge14Si9 365 [45]
Au+, Si+ Au82Si18 365 [46]
Co+, Nd+ Co36Nd64 566 [33]
Mn+, Ge+, Si+ Mn45Ge54Si1 720 [47]
Pr+, Si+ Pr89Si11 732 [48]
Er+, Ni+ Er69Ni31 765 [49]
Co+, Ge+ Co27Ge73 817 [50]
Er+,Fe+,Ni+,Cr+ Er70Fe22Ni5Cr3 862 [32]
Al+, Ce+, C+ Al10Ce70C20 660 [31]

with a diameter of less than 10 nm and current densities up to more than 20 A cm−2 
opens a broad field of new applications. Possible other elemental metals and eutectic
alloys, mostly investigated and tested in the own lab, are listed in Table 19.1.
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19.4  Mass-Separated FIB Applications in Nanotechnology

Ion beams are principally well suited to nanofabrication, because ions exhibit a rela-
tively small scattering in solids. They are used to modify the topography as well as 
the electronic, optical, magnetic and mechanical properties of materials. Using 
finely focused ion beams (FIB), and writing them across the substrate, the creation 
of feature sizes in the 10 nm range is possible. Nanofabrication with scanned FIBs 
is a sequential process and is therefore much slower than the parallel processing by 
optical lithography. It cannot be expected to provide FIB-based technology for 
mass-production of nanoelectronic structures or devices. Nonetheless, FIB technol-
ogy has already found applications in IC manufacturing for local, micrometer and 
nanometer scale operations on individual wafer chips. Examples are failure analy-
sis, mask repair or trimming of magnetic read-heads. One can expect that FIB will
find further niches in prototyping, small-volume fabrication and customization of 
individual nanodevices in a research environment.

The main applications of FIB technology today are concerned with local ion 
sputtering for material removal. This requires local ion fluences of ≥1016 cm−2, usu-
ally of Ga ions (with energies of tens of kiloelectronvolts). At present, Ga-FIB and 
ion mass-separated FIB systems no longer rely on sputtering effects, but rather on 
local surface modification and defect creation also at lower fluences. For example, 
many target materials (III–V opto-electronic compound semiconductors, magnetic 
thin films, or weakly bonded chemicals) exhibit very high ion sensitivity, allowing 
fluences in the 1012–1016 cm−2 range. Consequently, FIB patterning and tailoring of 
surfaces, using chemical phase or structural (crystal) modification by local ion bom-
bardment, becomes an effective process, which offers new possibilities for selective 
functionalization of different materials.

In this relation some selected examples for FIB-assisted modification of chemi-
cal, structural and electrical properties as well as the synthesis of solid-state phases 
will be described in this chapter. Surface nanopattern formation under irradiation 
with heavy ions and ion clusters is a further topic of this chapter due to an increasing 
interest in self-organization of nanostructures by ion beam processing.

19.4.1  Si Nanowires by FIB Writing and Subsequent  
Wet- Chemical Etching

The monolithic integration of micro- and nano-electro-mechanical system with 
microelectronic components figures prominently in the modern Si-based technol-
ogy [51]. Micro- and nano-electro-mechanical system, like nanowires, bridges or 
cantilevers are important, constitutive parts for this purpose, as they show an enor-
mous sensitivity towards temperature, applied forces, or added masses. Therefore, 
they are ideally suited for application as sensors.
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Nanoscale patterning of materials can be achieved by different conventional 
 top- down techniques, e.g., electron beam lithography [52], deep ultraviolet light 
lithography [53], nanoimprint lithography [54], stencil lithography [55], or by FIB 
[7]. Resistless methods like the FIB can simplify nanostructure fabrication espe -
cially for prototyping. Moreover, three-dimensional structures can be fabricated by 
combination of high-concentration p-type doping of Si by writing FIB implantation 
and subsequent anisotropic and selective, wet-chemical etching [56–58]. An exam-
ple of a freely suspended pad fabricated using this technique is shown in Fig. 19.7.

This section gives an overview of the electrochemical fundamentals, the actual 
fabrication, size tuning as well as electrical and structural properties of Si nanow-
ires, which can fabricated by high fluence implantation of Si and subsequent aniso-
tropic and selective wet-chemical etching.

19.4.1.1  Anisotropic and Selective Etching of Si

Anisotropic etchants for crystalline Si have been known for a long time [59, 60]. 
After recognizing its unique potential for micromachining and nanomachining of 
three-dimensional structures, increasing attention has been paid to this etching tech-
nology. An enormous variety of Si structures can be fabricated in a highly control-
lable and reproducible manner due to the strong dependence of the etch rate on 
crystal directions and dopant concentrations.

Dependence on the Si Crystal Planes

All anisotropic etchants of Si are aqueous, alkaline solutions, whereas the main 
component can be either organic, e.g., in TMAH, (CH3)4NOH [61], NH2(CH2)2NH2 
or CH6H4(OH)2 [62], or inorganic, e.g., in KOH or NaOH [ 63–65]. In general, 

Fig. 19.7 SEM image of a 
free-hanging pad (3×3 μm2) 
suspended by four nanowires, 
which was fabricated by 
high-fluence Ga implantation 
of Si and subsequent 
anisotropic and selective, 
wet-chemical etching
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solutions containing hydroxides of alkali metals perform in a comparable way. 
Among the inorganic solutions KOH is most commonly used, mainly due to its cost
efficiency and convenience of handling. An extensive overview of the anisotropic 
etching process of crystalline Si has been given by Seidel et al. [62]. It has been 
found that the etch selectivity of the Si planes {110}:{100}:{111} varies from 
50:30:1 at room temperature to 160:100:1 at 100 °C. The effect of etch selectivity
for differently aligned masks is schematically shown in Fig. 19.8.

The anisotropic etching behavior of Si is usually explained in the following elec-
trochemical model [62]: Crystalline Si has a bandgap of 1.12 eV. Depending on the 
dopant concentration, the Fermi level is located above mid gap for n-type and below 
mid-gap for p-type Si. The electron affinity of Si (distance between vacuum level 
and the lower edge of the conduction band) is 4.05 eV. Due to different bonding 
situations of atoms near the crystal’s surface, surface states arise within the forbid-
den band gap. The relative position of the surface states with respect to the band 
edges is independent of the dopant type within wide concentration levels.

After immersion of the Si into the electrolyte, a negative excess charge on the Si 
surface builds up, because the H2O–OH− redox couple has a higher original Fermi 
level than the solid. This results in a downward bending of the energy bands on the 
solid surfaces for both, p- and n-type Si.

In an oxidation step, a Si atom is removed from the surface by reaction of four 
hydroxide ions forming Si(OH)4, which is then converted to SiO2(OH)2

2− due to the 
high pH environment. This step is accompanied by the injection of four electrons 
into the conduction band, which originates from the reacting hydroxide ions. For 
{100} surfaces, two of these electrons are transferred via dangling bond surface 
states, and the other two via back bond surface states. However, these injected elec-
trons stay localized near the Si surface due to the potential well provided by the 
downward bended energy bands.

Fig. 19.8 Schematic 
presentation of FIB 
patterning by Ga+ 
implantation into 
〈100〉-oriented Si wafers 
marked by gray areas and the 
corresponding cross section 
of the Si structures after 
selective, anisotropic, wet 
chemical etching
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In a reduction step, the injected electrons leave the solid and react with water 
forming hydroxide ions and hydrogen. These hydroxide ions are considered to be 
the ones reacting in the oxidation step, as they are generated directly at the surface. 
Hydroxide ions of the electrolyte only play a minor role in the dissolution reaction 
due to the repellent force of the negatively charged crystal.

Finally, the breaking of the back bonds, which is induced by thermal excitation 
of electrons from the orbitals of the respective surface states into the conduction 
band is considered to be rate limiting. Thus, the anisotropy is due to the different 
energy levels of these back bond surface states for different crystal orientations, 
being lowest for {111} planes.

Dependence on the Dopant Concentration

Etching of crystalline Si by aqueous KOH solutions is known to depend on the dop-
ant concentration [56, 66, 67]. After implantation of, e.g., B, P, or Ga, altered regions
acts as an etch stop mask depending on the dopant concentration. This etch stop 
effect is usually quantified by the critical fluence, which is defined as the minimum 
fluence implanted into Si that will inhibit etching of the implanted regions for given 
etch conditions.

The mechanism by which implantation of Si provides an etch stop is not well 
understood. However, there is evidence that heavily doped regions grow a nonvola-
tile oxide layer during the etch process, which etches at much slower rates than Si 
[67]. This would be in agreement with the observation that the {111} planes oxidizes 
at a higher rate than other crystallographic orientations [68]. This passivation hypoth-
esis implies that implanted Si oxidizes at a greater rate than non-implanted Si.

Another possible explanation is related to the large concentration gradient of the 
implanted species at the boundary of doped regions. The gradient would produce a 
depletion layer that can affect the electrochemical behavior of the etching process. 
The electrically active sheath of implanted Si may surround the beam damaged 
areas. This would explain the etch stop by an activated junction.

19.4.1.2  Fabrication of Si Nanowires

One way to fabricate freely suspended Si nanowires, which are electrically isolated
from the Si substrate, is to use 4″ silicon-on-insulator (SOI) wafers fabricated by
smart-cut processing (e.g., 〈100〉-oriented, n-type, 1–10 Ω cm, top device layer 
thickness of 2 μm) [65]. A buried SiO 2 layer (200 nm thick) allows to control the 
etching process, because it is acting as an etch stop.

Initially, wafers are pre-patterned by optical lithography and conventional Ga+ 
broad beam implantation (E=30 keV, Φ=3× 1016 cm−2). In this way large area con-
tact pads (400 ×400 μm2) with edges parallel and perpendicular to the 〈110〉-direc-
tion of the wafer are formed. Then, metallic contact pads are prepared by Cr/Au 
evaporation and standard lithographic lift-off process. Nanowires are defined by 
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FIB writing between the contact pads areas over non-implanted Si stripes. Line 
scans of the FIB implantation should be aligned parallel to the 〈100〉-direction to 
achieve a fast under-cut during etching. Finally, the selective and anisotropic etch-
ing is done in a 30% KOH/H2O solution at 80°C for 3 min. The corresponding etch
rate on non-implanted Si in 〈100〉-direction is 1.1 μm min−1. The whole fabrication 
process is illustrated in Fig. 19.9.

19.4.1.3  Size Tuning of Si Nanowires

In the following, experimental results are related to the implanted line fluence ΦL, 
i.e., the number implanted ions per centimeter line scan, and not to the typically 
used areal fluence, which is defined as
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where I is the FIB current, t the implantation time, e the elementary charge, l the 
length, and w the width of the irradiated area.

Fig. 19.9 Illustration of the 
nanowire fabrication process: 
n-type SOI wafers with a top
device layer of 2 μm Si are 
pre-patterned by optical 
lithography and conventional 
Ga+ implantation to from 
large area contact pads. 
Metallic contacts are created 
by Cr/Au evaporation and 
standard lithographic lift-off 
process. Non-implanted Si 
stripes are treated by FIB 
writing to define nanowires 
that are free-standing after 
KOH etching
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Nanowire Width

The line fluence was varied between 1 ×1011 and 4 ×1012 cm−1 leading to different 
nanowire widths. Thus, wire dimensions as narrow as 20–200 nm in width and 7 
and 15 μm in length were achieved (cf. Figs. 19.10 and 19.11). The nanowire thick-
ness can be estimated to about 54 nm from the depth of the implantation profile and 
the from the critical Ga concentration for etch retardation.

Nanowires implanted with computational areal fluences below 2 ×1015 cm−2 did 
not withstand the etching process. This is in good agreement with results of Berry 
et al. [66], Chen et al. [69], and Steckl et al. [70], which reported the initiation of the 
etch stop at fluences exceeding 1×1015 cm−2, under similar etching and implantation 
conditions, but for larger implanted areas.

At fluences ≥9× 1011 cm−1 sputtering effects appear during the line scanning, 
which leads to V-shaped cross sections of the nanowires. These sputtering grooves 
can be nicely seen at the ends of the implanted lines in Fig. 19.10, where the nanow-
ires are suspended at bulk Si.

Fig. 19.10 SEM image of 
nanowires implanted with an 
ion beam current of 10 pA. 
The line fluence is increasing 
from 1×1011 to 4×1012 cm−1 
from right to left, apparent by 
the increase of the nanowire 
width (from [65])

Fig. 19.11 SEM image  
of one of the narrowest 
fabricated Si nanowires of 
20.5 nm width. The line 
fluence for preparation was 
6.6×1010 cm−1 (from [65])
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Figure 19.12 shows the nanowire width as a function of the implanted line 
 fluence. The width of the nanowires is increasing with increasing line fluence, 
whereas the qualitative behavior can be separated into two regions: up to a line flu-
ence of 1×1012 cm−1 the width increases rapidly; beyond this line fluence the cor-
relation becomes nearly lines. Absolute scattering of the measured width increases 
with increasing fluences and will be discussed later.

Numerical Modeling

To explain the relationship between implanted line fluence and resulting nanowire 
width the following numerical model was applied. The probability distribution for 
30 keV Ga+ ions to stop at a certain position in the Si sample, while line scanning 
the FIB over it, was simulated to determine the range of several ions. Afterwards, by 
examination of the Ga concentration per volume, the volume, which would with-
stand the etching process, i.e., having a concentration corresponding to a fluence 
higher than the critical threshold, was estimated. Effects of sputtering and backscat-
tering were neglected.

The shape of the FIB intensity profile was approximated by superposition of two 
Gaussians [57]. Therefore, the probability for an impinging ion to hit the sample at 
a point in the x-y-plane can be was modeled by
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Variances of this distribution were calculated from measured FWHM of the FIB 
spot size for certain FIB currents, e.g., 1 pA yields σpeak

2 ≈8.84 nm2 and 

Fig. 19.12 Width of Si 
nanowires as a function of the 
implanted line fluence. The 
experimental data were 
obtained using different FIB 
currents and spot sizes. Solid 
curves show the results 
obtained by the numerical 
model for FIB currents of 1 
and 10 pA corresponding to 
spot sizes of 7 and 13 nm
(from [65])
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σtail
2 ≈30.94 nm2. The case of defocused implantation could be obtained by scaling of 

the variances. The probability of an incident Ga+ ion to reach a certain point in the Si 
bulk was then modeled by SRIM simulations [71] to obtain a concentration profile.

The cross section of the resulting implantation profiles was then used to estimate 
the nanowire dimensions by examination of the critical Ga concentration. 
Comparison between experimental and simulation (solid lines) is shown in 
Fig. 19.13. The onset of the curves and the exponential behavior for lower and linear 
relationship for higher fluences are reproduced by the simulation. For line fluences 
up to 1 ×1012 cm−1, the resulting nanowire width is slightly overestimate, while for 
higher line fluences the resulting wire width is underestimated.

Conclusion of the Nanowire Size Evaluation

The increase of the nanowire width with increasing fluence can be attributed to the 
increasing amount of Ga implanted into the Si, because an increasing volume 
exceeds the critical Ga concentration to initiate the etch stop [67, 72]. The rapid 
increase of the nanowire width for line fluences up to 1×1012 cm−1 can be related to 
the shape of the FIB profile. Numerical simulation showed that in this regime the 
Gaussian peak fraction dominates the distribution of ions in the bulk. For higher line 
fluences, the lateral distribution of implanted ions is more homogeneous. Therefore, 
the slope of the measured curves decreases to an almost constant level. Furthermore, 
for higher fluences, significant sputtering has to be taken in the account. This leads 
to removal of sample material and thus to a deeper implantation of Ga ions and a 
further broadening of the lateral distribution of implanted ions. The stronger scatter-
ing of the nanowire widths for higher line fluences is due to deviations from the 
ideal ion beam focus during implantation. This effect accumulates over time leading 
to a significant variation of the nanowire width. Additionally, with increasing 
implantation time, the stability of the sample holder stage in the nanometer range 
becomes another issue.

Fig. 19.13 Cross section of 
the simulated implantation 
profile showing the Ga 
concentration. The dashed 
line shows the Ga 
concentration of about 
4×1019 cm−3 for etch 
retardation (from [65])
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19.4.1.4  Electrical Performance of Si Nanowires

As-Fabricated Nanowires

To assess the electrical performance of the fabricated nanowires, current–voltage 
(I–V) characteristics was measured using a semi-automatic prober (PA200 SÜSS
MicroTech Test Systems) combined with a semiconductor measuring system 
(Keithley Instruments, 4200-SCS). Therefore, via two terminal measurements, volt-
age sweeps from −5 to +5 V were done while measuring the current. All nanowires 
revealed linear I–V characteristics, i.e., an ohmic behavior. The slope of the I–V 
characteristics and the nanowire dimensions, i.e., length l, width w, and thickness b, 
were used to estimate their resistivities ρ using the following relationship.

 
R
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(19.9)

The resistivities of the as-implanted nanowires ranged over several orders 
between 6 and 11,000 Ω cm. The estimated resistivities as a function of the implanted 
line fluence are given in Fig. 19.14. The resistivity is vastly increasing with decreas-
ing line fluence, i.e., for thinner nanowires. For higher line fluences exceeding 
≈5×1011 cm−1, i.e., for broader nanowires, the resistivity is in the range of the bulk 
Si wafer (1–10 Ω cm). It is likely that the rapid resistivity increase for low line flu-
ences originates from a larger surface to volume ratio of the corresponding 
nanowires.

Additionally, the electrical performance was also tested at different temperatures 
in the range from −15 to 95 °C. This is exemplarily depicted in Fig. 19.15 for a 
nanowire with a width of 90 nm. The resistance of the all the fabricated nanowires
is decreasing with increasing temperature, i.e., they are showing a semiconducting 
behavior in the as-fabricated stage (highly doped amorphous Si layer).

Fig. 19.14 The resistivity of 
the as-fabricated nanowires is 
rapidly decreasing increasing 
line fluences and reaches 
saturation (from [65])

L. Bischoff et al.



483

The resistivity as a function of temperature can be expressed as follows, if an 
activation behavior is assumed [73]:
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where ρ0 is a pre-exponential factor, kB is the Boltzmann constant, T the absolute 
temperature, and EA the activation energy for the conduction mechanism. The slope 
of Arrhenius plots was used to estimate the activation energies of the as-implanted 
nanowires. For example, as depicted in Fig. 19.16., a nanowire having a width of 
90 nm (ΦL =6×1011 cm−1) revealed an activation energy of 126 meV.

Fig. 19.15 I–V characteristics 
of a single as-fabricated 
nanowire (w=90 nm) at
different temperatures.  
The behavior is ohmic in  
the chosen temperature range. 
Resistance is decreasing  
with increasing temperature 
(from [65])

Fig. 19.16 Arrhenius plot  
of the temperature 
dependence of the resistivity 
one nanowire (w=90 nm)
showing a semiconducting 
behavior. The slope of the 
linear fit represents the 
activation energy of the 
conduction mechanism  
(from [65])
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Measured activation energies are increasing for increasing line fluences. This 
qualitatively reproduces the correlation between resistivity and line fluence. 
Activation energies range between 110 and 290meV, which is in the expected range
of amorphous Si [74]. However, no systematic correlation between the activation 
energies and the line fluence used for the fabrication could be observed.

Direct Current Annealing

The resistivity of Si nanowires can be significantly reduced by annealing processes. 
However, thermal movement of nanowires between the SOI islands and their conse-
quent rupture at temperatures ≥150 °C excludes conventional furnace annealing
(details of the thermal behavior were investigated by Sainiemi et al. [75]). 
Nevertheless, it was reported that current-driven self-heating processes can be 
applied to recrystallize Si nanowires [76]. Therefore, to lower the resistivity of the 
fabricated Nanowires a two terminal set-up providing voltage while measuring the 
current was used to investigate possible DC annealing. Voltage was raised from 0 V 
up to higher voltages of 30–50 V with sweep rates between 0.5 and 1.0 V s−1. The 
hold times per voltage value was set between 1 and 500 μs.

I–V characteristics of a nanowire during and after DC annealing are shown in 
Fig. 19.17. The plot shows a temperature depending behavior, which corresponds to 
the increasing power deposition in the nanowire with increasing voltage. Exceeding 
a critical voltage, the current through the nanowire rises drastically. This indicates a 
modification of the nanowire, i.e., annealing of the nanowire. Remeasurement of
room temperature I–V characteristics showed that the resistivity of annealed nanow-
ires decreased by one to two orders of magnitude. Achieved resistivities ranged 
between 0.4 and 3.8 Ω cm. This is less than the resistivity of the initial Si wafer. 
Activation energies of the annealed nanowires ranged between 180 and 210 meV.
While for narrower nanowires an increase of the activation energy could be found, 
for broader nanowires no significant change occurred, which might be related to the 
already mentioned surface-to-volume ratio.

Fig. 19.17 I–V characteristic 
and resistance of a single 
nanowire (w = 74 nm) during 
and after direct current 
annealing. According to  
the expected self-heating, 
there is a rise of current of 
some orders of magnitude 
(from [65])
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A change of the annealing ambient from air to vacuum (10−6 mbar) using the 
same annealing parameters did not result in any further improvement of the resistiv-
ity. Due to this, it is likely that the thermal conductivity of the ambient as well was 
chemical reaction, like oxidation, are negligible for this annealing process.

The change of the electrical properties of the Si nanowires can be summed up as 
follows: with increasing applied voltage the current through the nanowires increases. 
Current densities at the moment of the sudden current rise (see Fig. 19.17) range 
between 10 and 300 kA cm−2. Thus it can be assumed that due to the self-heating 
process the amorphous nanowires underwent a phase transition from the amorphous 
to a nano-/polycrystalline state. This can also readily be concluded from Fig. 19.18, 
which shows an as-fabricated nanowire with a homogeneous surface (Fig. 19.18a) 
and an annealed nanowire with a granular structure (Fig. 19.18b).

A further increase of the annealing current leads to the formation of larger grains 
(Fig. 19.19) and with it to a fluctuation of the nanowire width. Furthermore, 
Fig. 19.19 also provides some evidence for an occurring Rayleigh instability, before
finally local melting takes place at pinched-off regions leading to the rupture of 
nanowires. This can be seen in the inset of Fig. 19.19, where a Si slug remained 
after local melting and rupture of the nanowire.

Fig. 19.18 SEM images  
of (a) an as-fabricated, 
amorphous nanowire  
and (b) a nanowire after 
direct current annealing 
showing a granular structure 
(from [65])
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Nanowire resistance below the resistivity of the initial Si wafer, reveal a change 
in the conduction mechanism. Due to the recrystallization of the nanowires, it can 
readily be assumed that a certain fraction of the implanted Ga is activated during the 
annealing process. This results in a change from n- to p-type conduction. Estimation 
shows that 0.1–1 % of the implanted Ga is actually activated during the direct cur -
rent annealing.

Summarizing the annealing behavior it can be estimated that the nanowire tem-
perature during the direct current treatment was between 400 and 900°C, due to the
activation of the Ga and as there were no thermal radiation effects during the vac-
uum annealing.

19.4.1.5 Structural Investigations by Raman Scattering

The transition of the as-fabricated amorphous nanowires to a nano-/polycrystalline 
state can be proven by Raman measurements. Therefore, a micro-Raman 180°
backscattering configuration on a Labram HR spectrometer equipped with a holo -
graphic 18,000 lines mm−1 grating and a liquid nitrogen cooled CCD detector 
(Horiba-Jobin-Yvon, France) was used [77, 78]. For excitation a frequency doubled 
Nd:YAG laser with a wavelength of 532 nm was used. The spectral resolution was
1.5 cm−1. Stray light rejection was provided by holographic notch filters. A wave 
number accuracy of ±0.5 cm−1 was assured. The laser beam was focused using a 
long working distance objective with a 100-fold magnification to a focus diameter 
of about 400 nm. Laser power and accumulation times were set to 100 μW and 
2 min, respectively. Heating or degradation effects can be excluded at these condi-
tions. For Raman mapping, a motorized microscope stage with 100nm lateral reso-
lution and 1 μm reproducibility was used.

Line scans with a step width of 100 nm were performed across a bunch of as- 
fabricated nanowires and one single annealed nanowire. The path of the line scans 
and the resulting Raman spectra are presented in Fig. 19.20 resulting from a bunch 
of nanowires with decreasing widths from 140 to 40 nm. The signal from the under-
lying bulk Si at a wave number of 521 cm−1 is dominant in all spectra, since the SiO2 

Fig. 19.19 SEM images  
of the onset of the rupture 
due to thermal stress and 
electromigration during direct 
current annealing of a single 
nanowire. The inset shows a 
Si slug at one end of a 
nanowire after its rupture  
due to excessive annealing 
(from [65])

L. Bischoff et al.



487

layer between the nanowires and the bulk is transparent for the used laser light. 
However, this intensity drops significantly whenever the laser spot crosses a nanow-
ire. Simultaneously, the Raman intensity at wave numbers between 470 and
515 cm−1 increases slightly (see Fig. 19.20). The period of the intensity fluctuation 
and the real distance of the nanowires coincide. The intensity drop of the Si crystal 
peak can thus be readily identified with the crossing of a nanowire.

Raman spectra obtained from an as-fabricated and an annealed nanowire at the
central position, i.e., at minimum bulk Si intensity, were compared to the spectrum 
of reference Si. In Fig. 19.21 it is shown that the as-fabricated nanowire shows a 

Fig. 19.20 Comparison of the Raman intensity of the crystalline Si peak at 521 cm−1 (black line), 
the summed range from 470 to 515 cm−1 (green line) and the background intensity (red line). The 
inset shows the path of the lines scan across the nanowires with decreasing width (from [65])

Fig. 19.21 Normalized 
Raman spectra of
as-fabricated nanowire 
(green, 1), annealed nanowire 
(red, 2) and crystalline 
reference Si (3, black)  
(from [65])
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significant Raman intensity between 470 and 515 cm−1, besides the line of crystalline 
Si. Line shape analysis shows two lines at 492 and 513 cm−1 as origin of this inten-
sity. The lower energetic line can be attributed to amorphous Si, whereas the latter 
originates from nanocrystals or grain boundaries [79]. After annealing the nanow-
ires do not show these additional Raman lines. Hence, the as-fabricated nanowires
have an amorphous structure containing nano-/polycrystalline grains, whereas the 
annealed nanowires show no significant difference to the reference Si spectrum. 
This supports the assumed structural change of the nanowires due to direct current 
annealing.

19.4.1.6 Summary

Freely suspended Si nanowires can be fabricated by FIB Ga implantation and sub-
sequent wet-chemical etching. Adjustment of the line fluence allows control over 
the nanowire width and is mostly limited by the resolution of the FIB. Electrical 
properties of the nanowires depend strongly on their size, i.e., the line fluence dur-
ing fabrication. Such fabricated nanowires show a semiconducting behavior with 
activation energies for the electrical conduction in the range of amorphous Si. 
Moreover, self-heating by application of direct current can be used to anneal and 
recrystallize the nanowires and, in this way, to improve their electrical properties.

19.4.2  Conducting Pathways and Ga Nanoparticles  
by FIB Lithography on ta-C

Tetrahedral amorphous carbon (ta-C) is a metastable form of carbon consisting of a 
high fraction of sp3 hybridized atoms (70–80 %) and a minority of sp2 cluster sites. 
Such ta-C thin film coatings show a strong diamond-like character like high electri-
cal resistivity, optical transparency in the visible range, high atomic density and a 
high hardness. All these properties arise from the sp3 carbon network and the struc-
ture of the embedded sp2 clusters. Consequently they can be tuned over a wide range 
by adjusting the sp3/sp2 ratio during film deposition [80–82]. The formation of films 
with low sp3/sp2 ratios (around 0.2) results in a more graphite-like material, which 
consists of a sp2 matrix and some incorporated sp3 cluster sites. In terms of electrical 
properties the unique ability of amorphous carbon to reflect either diamond-like 
(insulating) or graphite-like (conductive) behavior, makes it very promising for post 
deposition processing and modification. Therefore, ion irradiation is an appropriate 
method to destroy the matrix of sp3 rich ta-C layers that enforces a reordering of 
carbon atoms and a phase transformation to sp2 bonded carbon. Reaping the benefits
of a focused ion beam (FIB), above all the very small beam spot size of several nm, 
ta-C layers can be transferred to sp2 rich graphite-like amorphous carbon in small 
lateral dimensions. This allows a direct FIB lithography on ta-C that is simply writ-
ing of conductive nanostructures in the high resistive sp3 matrix without the use of 
photo resist, subsequent chemical etching or film deposition.
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Figure 19.22 shows some examples for defined layouts which were transferred 
as electrical active structures into the ta-C layer by FIB lithography. Whereas the 
achievable feature size is mainly dependent on the ion beam spot diameter, the elec-
trical resistivity can be tuned over a wide range by adjusting the irradiation condi-
tions, like the primary ion energy and the ion fluence that is ions per cm−2.

Besides the above mentioned insulating-to-conductive phase transformation of 
carbon, the chemical inertness of carbon can be used to enforce a phase segregation 
between carbon and the implanted species. The incorporation of Ga into ta-C lay-
ers followed by thermal treatment of the sample causes clustering and the diffusion 
of Ga to the surface. The high mobility and surface tension of Ga supports the 
formation of Ga nanospheres on irradiated sites. It will be shown that well-consid-
ered FIB implantation and annealing conditions are sufficient for the fabrication of 
Ga nanoparticles with a high reproducibility and a very small divergence in the 
particle size.

Utilizing this promising technique of Ga+-FIB implantation in ta-C and subse-
quent annealing, metal nanoparticles with a defined size can be arranged in chains 
(see Fig. 19.23) and two-dimensional arrays that are prospective structures for plas-
monic applications.

Fig. 19.22 SEM images of graphitic structures made by FIB lithography on ta-C. (a) FET gate, 
(b) and (c) van der Pauw structures, (d) 6-terminal Hall bar

Fig. 19.23 SEM images of Ga nanoparticles on ta-C made by Ga implantation and subsequent 
annealing. (a) Various arrangement and (b) tailored evolution to a nanoparticle chain
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19.4.2.1 Ion Induced Graphitization of ta-C

The graphitization of pure diamond by ion bombardment was discovered by Vavilov 
in 1974 [83] and so it stands to reason that the conversion mechanism from sp3 to sp2 
hybridized carbon occurs in diamond-like materials as well. Fundamental investiga-
tions concerning the nature of defects generated by ion irradiation of ta-C were done 
in the 1990s by McCulloch [ 84], Kalish [85], Prawer [86], and Stanishevsky [87]. 
The main findings are a decrease of the electrical resistivity of several orders of 
magnitude, a decrease of the film density, which is accompanied by surface swelling 
of the irradiated regions and a decrease of the optical transparency. In order to tailor 
the electrical properties of implanted ta-C sites, the dependence of the ion fluence 
on the resistivity was intensively studied for the case of irradiation with 30keV Ga+ 
ions. The ta-C films used in this work are hydrogen free diamond-like carbon layers 
deposited by filtered cathodic vacuum arc (FCVA) (provided by the Fraunhofer IWS 
in Dresden). Amorphous carbons show a good linear correlation between the film 
density and the sp3 content thus the density, measured by X-ray reflectivity, of about 
2.5 g cm−3 corresponds to a sp3 content of ~60 %. A 200 nm thick thermally grown
SiO2 layer on a silicon wafer was used as substrate. This oxide interlayer avoids any 
short circuits through the bulk Si during the electrical characterization.

For an effective conductivity measurement of graphitized ta-C formed by various 
irradiation conditions, the direct conversion of a Van der Pauw (VDP) [88] measure-
ment structure by FIB lithography is the method of choice. The fabrication process 
is shown in Fig. 19.24. Firstly the structure periphery consisting of four contact pads 
with small connection extensions is implanted with 30 keV Ga+ ions and a fluence 
of 5 ×1016 cm−2. The four pads (A, B, C, and D) are 30 ×30 μm2 in size and can be 
electrically connected with the narrow needles of a micro probe station. Secondly 
the connection extensions are linked to each other by a cross irradiated in the center 
and so the VDP structure is realized.

Fig. 19.24 FIB lithography of a VDP measurement structure. (1) Implantation of contact pads and 
(2) Implantation of the center cross
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The implantation parameters of the center cross can be varied for every single 
structure, whereas the processing of the contact pads relates always to the same 
fixed values. Performing a VDP measurement at this structure delivers the electrical
sheet resistance RS of the region right in the middle of the center cross where the 
irradiated lines are overlapping. Such a measurement is simply done by applying a 
small current I, usually in the range of 0.1–10 μA, between two adjacent pads and 
measuring the potential difference V between the opposite pads. The resulting resis-
tance R′ = V/I is independent of all parasitic resistances from the contact pads and 
connections. Furthermore, the structure symmetry simplifies the VDP formula so
that RS can be obtained in good approximation from
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To further minimize errors caused by for example variations in the structure sym-
metry, the pads that correspond to current injection and voltage measurement are 
permuted. This yields in four values of R′ and their average is used for the calcula-
tion of RS. In order to obtain the fluence dependence of the conductance of ion 
irradiated ta-C a series of embedded VDP structures was fabricated. The implanta -
tion of the center cross was done with 30keV ion energy and fluences ranging from
5×1014 cm−2 to 1.6×1017 cm−2. The results are shown in Fig. 19.25 [89].

The general behavior of the as-implanted sheet resistance is a decrease by several 
orders of magnitude caused by the continuous formation of sp2 sites during irradia-
tion. To shed more light on this processes we can divide the graph into three sec-
tions. In the low fluence regime A, the resistance drops dramatically with increasing 
fluence conformal to a power law. In section B the correlation switches to an expo-
nential decrease for the mid-to-high fluence irradiations. This can be attributed to 
the interplay between conversion of sp3 to sp2 sites and the destruction of sp2 clus-
ters by the continuous ion bombardment. Section A reflects the approximately com-
plete transformation of the ta-C matrix to mainly sp2 bonded amorphous carbon. It 

Fig. 19.25 Sheet resistance 
of ta-C irradiated with 
30 keV Ga+ ions in 
dependence of the 
implantation fluence.  
The values are for as the 
as-implanted case and for 
structures treated by rapid 
thermal annealing (RTA)
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is well known that sp2 sites tend to cluster and can achieve some near ordering like 
sixfold rings. Such structures are effective in increasing the conductivity by the 
generation of delocalized π electrons. For any further irradiation (section B) the ions 
have a high probability to destroy the ordering of the just created sp2 sites, whereas 
in section A the ions are interacting mainly with virgin ta-C and its sp3 sites. 
Consequently the resistance decrease is alleviated from section A to B but goes 
further on as the ion induced ordering is still the dominant process. Based on this 
interplay between sp2 ordering and disordering during ion irradiation we can explain 
section C as an equilibrium state where the resistance decrease saturates and the 
conductance maximum is achieved. At this point sputtering occurs and the graphitic 
layer is eroded. We can estimate the thickness of this modified ta-C layer by SRIM
simulations [90] to approximately 40 nm. Whilst the ta-C film thickness is beyond 
this value continuous sputtering will drive the graphitic layer downwards until the 
SiO2 interlayer is reached. At this prominent point the graphitic layer is vanishing 
and the resistance goes up which was observed for even higher fluences.

Once the sp 2 rich structures are created by ion implantation the graphitization 
can be enhanced by thermal treatment and thus annealing is effective to improve the 
electrical properties. This is shown in the circle data points in Fig. 19.25 which cor-
respond to a rapid thermal annealing (RTA) of all structures at 700 K for 8 s. The
conductance is pushed upwards and so all resistance values decrease round about 
one order of magnitude. It has to be noted that, for the case of the chosen 30 keV
Ga+ irradiation, the conductivity maximum is not affected by the annealing and 
consequently the ion induced processes ensure the optimal arrangement of the sp2 
sites at the point of saturation (see section C in Fig. 19.25). If we consider the effect 
of annealing on structured ta-C samples, the advantage of the ta-C’s thermal stabil-
ity can be used. ta-C with an sp3 content above ~70 % is able to withstand heating
up to 1,100 K [91]. This stability is caused by the sp3 matrix and consequently any 
defects like sp2 sites introduced by ion irradiation make the carbon contestable. 
Annealing of a ta-C layer consisting of graphitic structures below a critical tempera-
ture will result in an improvement of the structure’s conductance without affecting 
the surrounding ta-C. A corruption of the electrical insulation is absent.

19.4.2.2 Embedded Graphitic Nanowires

The discussions in the above section considered the basics of ion induced graphitiza-
tion of ta-C and the electrical resistivity of sp2 rich sites. Let us now proceed to con-
ducting nanostructures fabricated by FIB lithography on ta-C layers. The small ion 
spot size enables a defined local graphitization of areas with a lateral dimension 
down to several tens of nanometers. If a focused beam of Ga+ ions is scanned laterally 
in a single line over the ta-C surface the result is an sp2 rich nanowire (NW) embed-
ded in the virgin ta-C matrix that can provide a significant current transport. Firstly 
the influence of the ion fluence on the NW resistance will be discussed for 30 keV
Ga+ irradiations. Figure 19.26 shows the resistance of several NWs (RNW) irradiated 
with line fluences ranging from 5×107 up to 1.2×1011 Ga+ ions per cm [89]. The line 
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fluence is introduced in Sect. 19.4.1.3 and gives an adequate value for the amount of 
implanted ions in a one dimensional structure.

To perform the resistance measurements two contact pads with a lateral distance 
of 15 μm were created by FIB lithography. Therefore, the same irradiation condi-
tions like for the periphery of the VDP structures (see Sect.19.4.2.1) were used. The 
NW was then subsequently fabricated between the two pads and RNW was obtained 
by determining the slope of the current–voltage curve (I–V curve). It has to be noted 
that this resistance includes the contact resistance of the probe tips as well as the 
resistance of the contact pads. Due to the small NW cross section the wire resistance 
RNW is quite high in comparison with the pad and contact resistance and thus these 
two resistances can be neglected. The measurement yields in a value for RNW in 
good approximation. Figure 19.26 contains a dashed line that indicates the resis-
tance of the virgin ta-C, which was gained by performing an I–V measurement 
between two contact pads without any NW in between. Low fluence irradiations 
show a very small increase of the conductivity and NWs fabricated with a line flu-
ence below 109 cm−1 show no significant current transport and reflect the virgin ta-C 
resistance. Above this fluence the resistance drops dramatically but the rapid con-
ductance enhancement gets damped at round about 2 ×1010 cm−1 to a slight resis-
tance decrease for higher fluences according to the curve progression in Fig. 19.26. 
Saturation of the NW conductance is expected for even higher fluences, which is not 
shown here. The improvement of the current transport by annealing mentioned in 
the above section is effective to decrease the NW resistance of about one order of 
magnitude. The corresponding RTA process is again 700 K for 8 s. The graph dem-
onstrates the adjustability of the NW conductivity over four orders of magnitude by 
varying the line fluence.

For the discussions of the electrical conductance it is important that we carefully 
distinguish between the sheet resistance RS obtained by VDP measurements and the
nanowire resistance RNW gathered from two-terminal I–V curves. The former is 
independent of the structure design and their lateral dimensions and gives a value 
for the intrinsic materials conductivity, whereas the latter is strongly affected by the 

Fig. 19.26 Resistance of
nanowires (RNW) fabricated 
by 30 keV Ga+ irradiations in 
dependence of the line 
fluence. As-implanted wires 
and wires annealed by RTA.
The dashed line indicates the 
resistance of the virgin ta-C
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NW dimensions that are the length L and the cross section (see Fig. 19.27a). L is 
predefined by the contact pad distance of 15 μm but the other parameters w, h and 
d, which defines the NW cross section, is predicted by the focused beam itself. The 
depth d of the graphitization in the ta-C layer is given by the ion energy and thus 
fixed for all NWs. The height h in Fig. 19.27a is the surface swelling height caused 
by the sp3 to sp2 conversion and the density decrease.

Whereas d is independent of the ion fluence, h rises during ongoing implantation. 
The wire width w shows a fluence dependence as well and is furthermore affected by 
the ion beam spot size and charging effects. Let us consider a FIB spot with a defined 
finite diameter of a few nanometers which is hitting the ta-C surface and propagates 
along it to form a NW. We will expect w to be larger than the spot size due to the 
lateral straggling of the implanted ions within the solid. The ion collision cascade 
will affect surrounding target atoms and the range of graphitization gets broader. 
Additionally it has to be taken into account that the virgin ta-C is high insulating and 
thus the incoming ions cause charging of the surface. This charging forces the FIB to 
spread and so the effective spot size on the surface increases. Nevertheless, a fine 
FIB focus is essential for structuring the ta-C in very small lateral dimensions. The 
fluence dependence of the NW width and the height are shown in Fig. 19.27b [89].

Like it was mentioned before the NW height, shown as rectangular data points in 
Fig. 19.27b, increases with increasing fluence due to the density decrease by the 
evolving sp2 sites. The fluence dependence of w can be understood by considering 
the ion beam profile. The intensity distribution of a FIB can be described as the 
superposition of two Gaussians that reflects the high intense beam center and low 
intense wings (see Sect. “Numerical modeling”). For low fluences the amount of Ga 
incorporated by the wings can be neglected but rises consequently during irradiation 
and for higher fluences the regions exposed to the wings of the beam profile become 
significantly contaminated with gallium. We can summarize the two fluence- 
dependent effects, NW broadening by the beam profile wings and NW height 
increase by surface swelling, as an increase of the NW cross section with increasing 
ion fluence. If we compare the behavior shown in Fig. 19.27b with the resistance 
chart in Fig. 19.26, the dramatic drop of RNW for low fluences can be understood as 
the sum of conductivity increase by graphitization and current transport increase by 
a growth of the NW cross section.

Fig. 19.27 (a) Nanowire embedded in ta-C. Nanowire dimensions: L—length; w—width; h—
height from the ta-C surface; d—depth in the ta-C layer. (b) Width and swelling height of nanow-
ires fabricated by 30 keV Ga+ irradiation on ta-C. The lines are to guide the eyes
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19.4.2.3 Surface Swelling

For a deeper investigation of the surface swelling, which occurs on irradiated ta-C 
areas, several 4× 4 μm2 squares were implanted with 10 and 30keV Ga+ ions by FIB 
and the height was determined by atomic force microscopy (AFM). The results for 
the fluence dependence of the swelling height are shown in Fig. 19.28 [92].

The two swelling curves can be divided into four sections: Section A reflects the 
density decrease due to sp3 to sp2 conversion up to a fluence of 1×1015 cm−2. For the 
case of 30 keV ion energy the irradiated sites are outgrowing of about 10 nm with
respect to the virgin ta-C surface. In the mid fluence regime in section B the density 
decrease saturates and the height remains more or less constant. Above 1×1016 cm−2 
the outgrowth continues again up to a maximum swelling height that is dependent 
on the ion energy. This mechanism is addressed to gallium swelling that is the vol-
ume increase due to a significant amount of the incorporated material. For the cor-
responding fluences in section C the Ga content can excess 20 at% and so the
volume occupied by the implanted ions cannot be neglected anymore. The maxi-
mum of the swelling curve indicates the complete saturation of the ta-C matrix with 
Ga ions and the resulting material can be described as a mixture of sp2 rich amor-
phous carbon with some short range order and incorporated gallium. The fluence 
corresponding to the swelling maximum of the 30 keV energy curve agrees well
with the fluence of the maximum conductivity shown in Fig. 19.25. Any further ion 
bombardment yields in sputtering of the ta-C layer that is shown in section D. The 
difference in the absolute swelling height between the two ion energies originates 
from the energy dependent penetration depth of the Ga+ ions. Higher energies result 
in a larger projected ion range and so the target volume affected by graphitization 
increases with increasing energy.

Recent work on the surface swelling induced on diamond by the irradiation with
light ions at high energies (H+ and He+ at several MeV) was theoretical described by 
Bosia and coworkers [93]. Vacancy creation during ion bombardment was intro-
duced as the driving force for sp3 to sp2 conversion, which is accompanied by the 

Fig. 19.28 Surface swelling 
of ta-C by irradiation with 
Ga+ ions in dependence on 
the ion fluence. The data 
points are AFM 
measurements and the  
dashed lines are analytical 
calculations
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density decrease and volume increase of the material. We will now use this approach 
for an analytical calculation of the swelling height in section A and B for the case 
of Ga irradiation of ta-C. Based on a vacancy depth profile obtained from SRIM
simulations we can calculate a density depth profile. This is characterized by an 
exponential decrease of the film density from the value of virgin ta-C ρta-C 
(2.710 g cm−3) down to the density of amorphous carbon ρa-C (1.557 g cm−3) [94]:
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F is the implantation fluence, λ(z) the vacancy depth profile and α is a critical 
vacancy density for graphitization. In our case α was used as fit parameter and 
amounts to 5×1022 cm−3. By simply integrating ρ(F, z) over the depth z we can cal-
culate the volume increase and from that the swelling height. This analytical solu-
tion fits quite well with the experimental data for section A and B, but the swelling 
height comes to saturation at a certain maximum at which the density depth profile 
reaches the minimum density ρa-C. The additional Ga swelling in section C and the 
sputtering in D is not addressed to graphitization and consequently the swelling 
curve cannot be described analytically with (19.10) in the high fluence regime. 
Therefore, TRIDYN v. 4.0 [95] simulations have been performed, which deliver 
data for both, surface swelling by material incorporation and erosion by sputtering 
in dependence on the ion fluence. If we include the simulation data as additional 
term to the swelling height, calculated using (19.10), we end up with an extended 
model that is able to fully describe the swelling and sputtering behavior of ta-C 
implanted with Ga ions at different energies and covers a fluence range between 
1×1014 cm−2 and beyond 1 ×1017 cm−2. The results are shown as the two dashed 
curves in Fig. 19.28, which fit very well to the experimental data.

19.4.2.4 Ga Segregation by Thermal Treatment

In the above sections we treated the phenomena of ion induced graphitization of 
ta-C layers induced by the bombardment of Ga+ ions that originate from a FIB. 
Electrical active nanostructures have been shown, which enable current transport 
through the insulating ta-C matrix. Besides the effect of ta-C modification the incor-
poration of Ga itself can be used as a powerful tool for the fabrication of nanopar-
ticles on ta-C layers. Under room temperature conditions the implanted Ga remains 
within the ta-C but does neither serve as dopant nor bond to the carbon atoms of the 
matrix. Taking the low melting temperature of Ga of 29.5 °C into account together
with the high mobility of incorporated Ga atoms, which is known from the Ga dif-
fusion in Si [96], it stands for reason that segregation between Ga and C occur dur-
ing thermal treatment. The consequence is out diffusion of an amount of implanted 
Ga to the surface of the ta-C layer, which can be observed after irradiation under 
elevated temperatures like it is shown in Fig. 19.29 [92].
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The result of Ga segregation is the formation of small droplets on the surface, 
which shapes are ranging from disc like up to spheres dependent on the irradiation 
temperature. Furthermore, the SEM images in Fig. 19.29 indicate clearly the possi-
bility of tuning this process in terms of the areal density and size of the droplets. If a 
higher thermal budged is provided, the formation of nearly perfect spherically drop-
lets can be achieved by post implantation thermal treatment of Ga irradiated ta-C, 
like it was shown at the beginning of this section in Fig. 19.23a. The spherical shape 
caused by the high surface tension of gallium opens the way to a defined production 
of gallium nanoparticles (Ga-NPs) by FIB implantation and subsequent annealing,
once the tailoring of the particle’s arrangement and their size can be mastered [97].

Let us consider a Ga+-FIB implantation on ta-C within an area Aimp with a finite 
size. Vacuum annealing of the sample at 500°C for 1 h will result in an arrangement
of Ga-NPs with random positioning and various diameters (see Fig. 19.23a). If we 
now shrink Aimp the area will undergo a critical value at which only one single drop-
let evolves caused by the finite Ga diffusion length and ripening processes at the 
surface. For fixed implantation and annealing conditions a further decrease of Aimp 
can now be used to define the Ga-NP diameter by adjusting the amount of Ga pro -
vided for the NP evolution. This precise correlation between the implanted area and
the size of the single Ga-NP is shown in Fig. 19.30 [97].

The linear relationship gives access to a fabrication of single spherical Ga-NPs
with a size precisely defined by the implanted area (in the following mentioned as 
the material reservoir). Utilizing the high FIB resolution a ta-C layer can be pat-
terned with a dens matrix of small material reservoirs. After annealing, the resulting 
structure is a two dimensional array of well-ordered Ga-NPs that are all equal in
size, which is shown in Fig. 19.31a [97].

For the structuring of the 2D array, 50 ×50 nm2 reservoirs were chosen that get 
broadened during implantation due to the effects discussed in Sect. 19.4.2.2. The 
fluence depending increase of the structure width is the main limitation for a suc-
cessful downscaling of such Ga-NP structures. Once the single material reservoirs

Fig. 19.29 Ga segregation on ta-C by 10 keV Ga+ irradiation under elevated substrate tempera-
tures. (a) Temperature dependence for a fluence of 1 ×1016 cm−2 and (b) fluence dependence for a 
substrate temperature of 500 °C of the areal density of Ga droplets
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are overlapping the segregation process is not restricted to each square anymore and 
only a few NPs with various sizes will evolve in this case.

19.4.2.5 Ga Nanoparticles by FIB Templating and Annealing

It is shown in the above section that single Ga-NPs can be fabricated with a size
controlled by the amount of implanted Ga and the arrangement of 40 nm particles in 
a 2D matrix was demonstrated. However, beside these benefits it is clear from the 
SEM images in Figs. 19.30 and 19.31a that the NPs position is still undefined and
the Ga droplet evolves randomly within the material reservoir. To overcome this 
drawback a second FIB implantation of the so-called “template seed” was developed 
to gain control of the NP position. At first the material reservoir is changed from
squares to thin lines with a width in the order of 70–100 nm similar to the nanowires 
discussed above. Annealing of such a structure delivers a single Ga-NP which size
is now defined by the line length and its position is confined in one dimension along 
the line. Let us now consider the segregation of gallium as a process driven by 

Fig. 19.30 The graph shows the atoms within one Ga-NP in dependence of the implanted area.
Implantation: 30 keV Ga+, F=1.4×1017 cm−2; Annealing: RTA at 430°C for 10 s. The surrounding
pictures are SEM images (recorded under 63° with respect to the sample normal) of the corre -
sponding Ga-NPs
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clustering in the bulk, surface diffusion and ripening of atoms, small clusters, and 
nano droplets that result in a single large Ga-NP. During clustering and ripening the
gallium will always tend to accumulate in the largest cluster or the largest droplet 
respectively. Utilizing this behavior the preferential evolution of clusters and a large 
primal droplet can be forced by implanting an additional amount of Ga within the 
reservoir at the desired place for the Ga-NP appearance. We concluded the process
of this position controlled droplet formation schematically in Fig. 19.32.

The main findings and advantages of the demonstrated technique can be sum-
marized as follows: The line reservoir length gives precise control of the NP diam-
eter. The template seed defines the NP position during the segregation process. The
reservoir line width can be chosen as small as possible and consequently an arrange-
ment of Ga-NPs in chains with a narrow spacing can be realized. In Fig.19.32b two 
different chains of well aligned Ga-NPs are demonstrated. The structures are featur-
ing a very high reproducibility in the NP diameter but a slight misalignment in the
positioning. The latter one requires improvement of the FIB irradiation settings for 
the template seed.

Fig. 19.31 SEM images of Ga-NPs fabricated by FIB implantation (30 keV Ga+) and annealing 
by RTA (430 °C, 10 s). (a) 2D array of 40 nm particles with 150 nm spacing and (b) Ga-NP chains
with a distance of 200 nm (top) and 150 nm (bottom). The numbers at the NP chains are the single
NP diameters in nanometer
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19.4.2.6 Conclusions

In Sect. 19.4.2 we have demonstrated applications of Ga+-FIB processing on tetrahe-
dral amorphous carbon thin films. The ion impact causes a destruction of the sp3 
carbon matrix and a preferential rearrangement in sp2 carbon sites. This is the basis 
for a direct FIB lithography on ta-C and conducting structures can be written embed-
ded in an electrical insulating sp3 rich matrix. The fundamental dependence of this 
graphitization on the ion fluence was investigated in terms of the conductivity and 
the surface swelling of the evolving sp2 layer. Besides fundamental investigations the 
small spot size of a FIB can be used to produce graphitic nanowires that are conduc-
tors embedded in the ta-C layer with a length of several micrometers and a width 
down to 70 nm. The dependence of the ion fluence on the nanowire broadening and 
their swelling height was studied and is caused by the double Gaussian FIB profile.

As a second application the segregation of gallium implanted in ta-C, driven by 
thermal treatment was used to fabricate spherical gallium nanoparticles. The pre-
sented technique relies on the correlation between the size of a Ga droplet that 
evolves on an implanted area after annealing and the amount of Ga provided for the 
segregation. The material reservoir is defined by the fluence and the size of the 
implanted area. A subsequent annealing procedure yields in single Ga nanoparticles 
with a precisely defined diameter. Furthermore, control of the nanoparticle position-
ing was gained by implanting an additional amount of Ga within the reservoir area, 
which acts as a template seed for preferential nucleation. FIB implantation and sub-
sequent annealing was demonstrated as a powerful technique for the production of 
well-defined arrangements of spherical Ga nanoparticles with an accurate size con-
trol on the nanometer scale. The procedure can be usefully employed in the field of 
plasmonics for the fabrication of waveguides, plasmonic crystals or substrates for 
surface enhanced spectroscopy. Even the conversion of the technique to other ion 
target-systems is prospective.

Fig. 19.32 (a) Ga+-FIB lithography on ta-C. Top: Implantation of the line reservoir. Bottom: 
Implantation of the template seed. (b) Ga-NP evolution during annealing. Top: Preferred nucle -
ation of Ga atoms at the seed and diffusion to the surface. Bottom: Droplet formation on the surface 
and surface diffusion of all atoms, clusters, and nano droplets to the large primal droplet at the 
pre-patterned seed position
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19.4.3  FIB Assisted Synthesis of New Solid-State Phases

In the last two decades ion beam techniques have attracted much interest due to their 
possibilities for ion beam synthesis (IBS) of nanostructures (nanodots, nanowires, 
and nanolayers) with unique physical properties. In the field of ion beam processing 
of nanostructures focused ion beams (FIB) are of special interest because nanodots 
and nanowires can be fabricated directly by local ion implantation on the nanometer 
scale. Conventional ion implantation (broad beam, x, y-scanned) have been success-
fully applied to large area IBS of nanocrystal (NC) ensembles as well as to tailoring 
of NC size distribution and depth location, respectively [98, 99].

According to conventional IBS the modified scheme of synthesis of nanowire 
(NW) structures using FIB implantation (cf. Fig. 19.33) originates at first in the 
advent of alloy LMIS, making a variety of elements other than Ga available for FIB 
implantation. Secondly, FIB line scans can result in implantation profiles of particu-
lar shape from which elongated nanoscale structures like wires or rods can emerge 
in a self-organizing manner during phase separation. Therefore, this nonconven-
tional method of controlled nanostructure synthesis represents a combination of a 
top-down with a bottom-up approach: on the one hand the implantation of energetic 
ions with an ion beam that is laterally focused down to a few tens of nanometers, on 
the other hand the self-organized phase separation of a supersaturated solid solution 
in the course of which elementary atomistic processes cause the formation of 
 mesoscopic structures. Combining self-assembly of nanostructures during IBS 

Fig. 19.33 Schematic representation of the processes contributing to the evolution of FIB-based 
synthesis of NW structures: (a) dots and (b) wires
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(bottom- up approach) with fine-focused ion beam (FIB) implantation (top-down 
approach) the fabrication of ordered chains or arrays of monodispersive NCs as well 
as of NWs seems to be practicable.

As shown in Fig. 19.33, writing high fluence FIB implantation (>1016 cm−2) leads 
to a laterally confined (on nanometer scale) surface-near concentration profile of the 
implanted species in the host matrix with a maximum concentration well above the 
solid solubility limit (supersaturated solid solution). For the synthesis of NW struc-
tures, the 3D distribution of implanted atoms in the host matrix represents approxi-
mately a cylindrical symmetry where the longitudinal axis is parallel to the scanning 
direction of the FIB.

As schematically shown in Fig. 19.34, FIB line scan implantation along the 
z-direction with a Gaussian FIB current density profile is centered at y0. The result-
ing implantation profile has a cylindrical Gaussian shape with an elliptical cross 
section.

If the ion beam focused equally in both lateral directions, is linearly and homo-
geneously scanned over the target (in z-direction) at normal incidence with respect 
to the initial target surface the total ion fluence becomes a y-dependent function and 
is given by:
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Fig. 19.34 FIB line scan implantation along the z-direction with a Gaussian FIB current density 
profile centered at y0. The resulting implantation profile has a cylindrical Gaussian shape with an 
elliptical cross section
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where Φ0 is the maximum fluence at the center of the FIB profile which scales 
 linearly with ion current density at constant scanning speed (cf. Fig. 19.34) and σFIB 
denotes the width of the FIB current density profile. The integration of Φ(y, z) from 
y = −∞ to y = +∞ gives the line density of implanted ions along z if one neglects 
sputtering of implanted ions. If the ion beam is focused to such a degree that 2σFIB 
is in the range of the projected range Rp an implantation profile is obtained with a 
particular shape resembling a cylindrical Gaussian distribution whose longitudinal 
axis coincides with the scanning direction of the FIB (cf. Fig. 19.34). The location 
of highest concentration of implanted ions in the matrix coincides laterally with the 
maximum of the FIB current density profile. Vertically, this location (projected 
range Rp) depends on further implantation parameters, e.g., ion energy, the mass 
ratio between the ions and the target atoms, and the sputtering coefficient. In a first 
approximation (neglecting sputtering) it can be stated that the corresponding 3D
implantation profile can be perceived as a spatial convolution of the lateral FIB cur-
rent density profile with the vertical depth profile of a broad area ion implantation, 
i.e., it resembles a cylindrical Gaussian distribution with an elliptical cross section. 
For the description of realistic FIB line scan profiles implanted at high fluences 
(e.g., ≥1016 cm−2) sputtering effects has to be taken into account and can be modeled 
using the TRIDYN code based on the binary collision approximation [100]. Due to 
the Gaussian-like FIB current density profile the sputtering yield varies locally to a 
high degree which results in the formation of a sputtering groove (cf. Fig. 19.33) 
whose trough is located at y0 (cf. Fig. 19.34). For example, in the high-fluence 
regime (stationary implantation profiles) the sputtering yield for 60 keV Co2+ ions 
in silicon obtained by TRIDYN reads Ys =3.9 (assuming the surface-near formation
of CoSi2 in the stationary state). Applying the TRYDYN simulation code to high
fluence 60 keV Co2+ ion implantation into Si at normal incidence the change of the 
depth profile due to surface layer removal by sputtering can by very well predicted, 
as shown in Fig. 19.35. This plot demonstrates that at the surface the maximal 
atomic fraction of Co in Si introduced by ion implantation is limited to 33 %. The
black bars at the beginning of each profile indicate the location of the actual surface 
for each implanted fluence, or, with other words, the thickness of the sputter- 
removed Si layer in the bottom of the sputter groove (cf. Fig. 19.33) which amounts, 
for example, 90 nm at an implanted fluence of 2×1017 cm−2.

Target swelling effects in the case of high fluence Co implantation into c-Si pos-
sible can be neglected. Providing that Co is implanted at slightly elevated tempera-
ture which prevents amorphization of the crystalline Si target (8 atoms per unit cell)
the formation of the Si-rich cobalt silicide phase CoSi2 (12 atoms per unit cell: 8 Si
and 4 Co) can be expected to happen directly during implantation [5]. Since CoSi2 
and c-Si have both a cubic crystal structure (CaF2 and diamond structure, respec-
tively) and a lattice mismatch of only −1.2 % (gCoSi2 =0.5364 nm; gSi =0.543 nm) it
can be assumed that the implanted Co is fully incorporated into the matrix as CoSi2 
precipitates within c-Si without changing the volume of the target significantly [102].

After FIB implantation, during subsequent thermal treatment the ion implanted 
system not only undergoes phase separation but also the accumulated radiation 
damage caused by energetic particle collisions during implantation anneals. After 
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phase separation the complex ensemble of precipitates undergoes processes of 
coarsening and interface smoothing, which can finally result in the formation of 
elongated structures like rods or wires in the center of the implantation profile that 
are oriented parallel to the scanning direction of the FIB during implantation. 
Corresponding predictions of nanowire IBS were obtained from atomistic kinetic 
MC simulations [103] and are shown in Fig. 19.36.

However, the state at which a NW structure has formed does not correspond to 
the system’s equilibrium state because NWs are inherently unstable from the view-
point of thermodynamics. Consequently, it can be stated that the formation of NWs 
by FIB-based IBS is of transient nature, i.e., the state where a NW is formed is an 
intermediate state of the system on its pathway towards equilibrium. However, the 
NW structure can be “stabilized” for technological applications by cooling down 
the system so that its further evolution at much lower temperatures is hampered 
kinetically. Furthermore, MC simulations show that for long-lasting thermal treat-
ment the continuous nanowire decays into nearly equidistant and monodispersive 
NCs (Fig. 19.37). Its decay is driven by the minimization of the interfacial energy 
and has been described in [103] as a result of pearling or Rayleigh instability.

As an example for FIB assisted synthesis of new solid-state phases the fabrica-
tion of cobalt disilicide NW structures will be described in the following. First 
attempts to apply FIB to nanowire synthesis are described elsewhere [104–106]. In 
contrast to usually applied Ga LMIS, alloy based LMIS [107] provide different ion 
species, i.e., Au+, Ge+, Si+, for metallic and semiconducting nanowire synthesis in 
insulting materials, for example, in SiO2, and, i.e., Co+, Ni+, Pr+, for synthesis of sili-
cide nanowires in Si. With alloy LMIS for ions other than Ga in combination with a 
ion mass-separated focused ion beam a beam spot diameter of about 30–60 nm
(FWHM of the Gaussian beam profile) has been achieved [12]. Recently, the IBS of

Fig. 19.35 Change and shift of the Co concentration depth profile in dependence on implanted 
fluence in the range (1–20)×1016 cm−2 for 60 keV Co+ implantation into silicon. The fluence incre-
ment between the profiles is 1×1016 cm−2 [101]
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crystalline CoSi2 nanowires with diameters of 10–80 nm and lengths of some
micrometer embedded in a crystalline silicon matrix has been demonstrated [17, 
107]. CoSi2 is of special interest due to its low resistivity, its metallic behavior, its 
low lattice mismatch to Si of only −1.2 %, the plasmon resonance wave length of
approx. 1.2 μm, and its compatibility with modern CMOS technology.

The IBS of CoSi2 nanowires (NW), by writing stoichiometric FIB implantation 
and subsequent annealing, has been studied using a scanned Co2+ ion beam at a 
constant ion current of 42 pA. Figure 19.38 shows a typical profile of a 60 keV Co2+ 
ion beam for the IMSA-Orsay Physics FIB at HZDR, showing that there is an expo-
nential halo in superposition to the main beam. Doubly charged ions were chosen to 
increase the ion energy which has virtually no influence on the ion-solid interactions 
and to achieve a profile buried below the surface. Taking into account the measured 
current density profile of the Co2+ FIB shown in Fig. 19.38 the ion fluence 

Fig. 19.36 Kinetic lattice Monte Carlo simulation of the nanowire formation from an initially 
cylindrical Gaussian distribution of impurity atoms with a peak concentration of 31 at% and a
width of 16 nm (95 % of atoms lay within this range). Shown are the side views and cross sections
of (a) the initial, (b) an intermediate (10 kMCS), and (c) the final (490 kMCS) state. The atoms are
colored according their coordination. The final wire diameter is around 5 nm [103]
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distribution for a digitally scanned beam can be expressed by the superposition of 
two Gaussian functions:
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Fig. 19.37 Kinetic lattice Monte Carlo simulation of the pearling instability of a nanowire with 
8.6-nm diameter. The wire decay proceeds via interface diffusion and a chain of nanoclusters with
an average diameter of 16.4 nm is formed [103]

Fig. 19.38 Profile of a 60keV focused Co2+ ion beam. Here, the total current was 42 pA. According 
to Gaussian fittings, the FWHM of the peak and the halo are 61.8 nm and 264.2 nm, respectively.
The integrated peak current density is 76 % of the total one (cf. Fig. 1 of Ref. [12])
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where q is the elementary charge and σpeak and σhalo denote the widths of the FIB 
current density profiles in the peak and halo, respectively. The increment Δx repre-
sents the distance between two beam spot pixels, k the number of pixels in the FIB 
line scan and td the irradiation time in each pixel (dwell time). The calculated 
implantation fluences in the Co2+ FIB trace for two different distances between two 
pixels are shown in Fig. 19.39.

The fluence distributions in Fig. 19.39 were calculated for an FIB ion current 
density in the peak of 1.4 A cm−2 and a pixel dwell time of 1 μs. As can be seen for 
a FIB with σpeak = 62 nm and a pixel distance of Δx = 20 nm one get a homogeneous 
ion distribution in the irradiated trace. Therefore, the beam spot increment Δx has to 
be elected smaller than the beam width σpeak. The digital scan parameters of pixel 
dwell time td and pixel relaxation time tr (time between two cycles of FIB irradia-
tion) determine mainly the ion induced defect accumulation in the FIB trace. These 
parameters are usually in the order of microsecond and millisecond for the pixel 
dwell time and relaxation time, respectively.

Regarding the atomistic modeling of the ion implantation profile and the subse-
quent phase separation, the exponential halo is not expected to change the simula-
tion results due to its large FWHM and lower intensity by two orders of magnitude 
compared to the primary peak of the main beam. For the FIB profile a simple 
Gaussian shape of some tens of nanometers in width can therefore be assumed for 
IBS of the nanowires.

The cobalt ions were extracted from a Co36Nd64 alloy LMIS with a melting point 
of 566 °C [34], which was operated at a temperature of about 700 °C. The separa-
tion of the Co2+ ions from the other ion species was done by means of an ExB-type 
mass filter in the FIB column (CANION 31Mplus, Orsay Physics) which allows the
focusing of the Co2+ ion beam into a spot diameter of 20–60 nm. The ion energy was 
chosen to be 60 keV, corresponding to a mean ion penetration depth of Rp =53 nm.
For the study of the conventional IBS of CoSi2 NWs (phase separation through pre-
cipitation and wire ripening during thermal treatment) and their decay into chains of 

Fig. 19.39 Calculated fluence distributions of 60 keV Co2+ ions in the FIB trace for two different 
distances between two pixels, (a) Δx = 50 nm and (b) Δx = 20 nm. The widths σpeak and σhalo are 
62 nm and 264 nm, respectively

19 Nanostructures by Mass-Separated FIB



508

nanoparticles due to NW instabilities Si(111) and Si(100) samples were implanted 
with high fluences (1×1016–2×1017 cm−2). To avoid defect accumulation and amor-
phization, the sample temperature was kept at about 420–450 °C. The implantation
was done in a digital mode with a short pixel dwell time (<2 μs) and a long relax-
ation time of more than 100 μs (time between two exposures of the same pixel). 
Additionally, the scan direction of the FIB relative to the crystal directions was 
varied for study of the stability of NW growth. Normally, the FIB scan-direction 
was parallel to the [108] direction on the Si surface which correspond to the ener-
getically favored growth direction of the CoSi2 nanocrystals [108]. After FIB irra-
diation and wet chemical cleaning, the samples were treated by a two-step thermal 
annealing (600 °C, 30 min and 1,000 °C, 1 h in dry N 2). In order to improve the 
image contrast during SEM (Hitachi 4800) investigations or to apply AFM imaging
of the nanowires, a short reactive ion etching in CF4 was carried out for 20–40 s to 
remove the 15–20 nm thick silicon top layer covering the buried CoSi2 nanostruc-
tures. Stable CoSi2 nanowires with diameters of 100–150 nm and up to 10–20 μm 
long (Fig. 19.40a) were achieved when the FIB trace was precisely aligned along 
the [108] direction. As shown in Fig. 19.40b in the case of a small misaligned FIB 
trace, the nanowires are not stable and decay into shorter ones chains of CoSi2 
nanoparticles [109, 110]. Larger angles of misalignment result in the formation of 
chains of more or less prolonged CoSi2 nanoparticles (Fig. 19.40c). This behavior is 
consistent with the 3D KLMC modeling of phase separation, coalescence and decay
of nanowires which is demonstrated in Fig. 19.40d.

For the formation of single-crystalline cobalt disilicide, it is necessary to keep 
the silicon layer on top of the implanted region crystalline. This can be reached by 
varying the following parameters like pixel dwell time (the irradiation time in one 
pixel), relaxation time (time between following irradiation cycles of the same pixel), 
the temperature of the sample as well as the FIB current density and energy. In order 
to prevent damage accumulation, leading to an amorphous top layer, the pixel dwell 
time should be as short as possible with a long relaxation time. The fluence, neces-
sary for IBS, in the range of 2 ×1016–2×1017 cm−2 requires a lot of repetitions for 
each pixel irradiation. Furthermore, the surface erosion by FIB sputtering must be 
taken into account in the high-fluence region (>5 ×1016 cm−2). Especially, FIB- 
induced defects, local strain and surface erosion by sputtering presently have been 
identified as essential problems for reproducible IBS of continuous NWs with diam-
eters well below 100 nm by FIB implantation. A further reduction of the NW diam-
eter can be expected by decreasing the concentration of cobalt atoms implanted in 
silicon at the same FIB spot. NWs synthesized at lower fluences of 
1×1016–3×1016 cm−2 are not stable and decay into shorter NW fragments with a 
diameter of about 50 nm (Fig. 19.41a). Moreover, because of the existence of the 
other 〈110〉 crystalline directions crossing the FIB trace, there is a certain probabil-
ity of spontaneous and self-aligned NW growth in these directions (Fig. 19.41b).

In order to investigate the influence of locally FIB induced radiation defects on 
the CoSi2 NW growth the samples were implanted at lower ion fluences (1014–
1016 cm−2) at room temperature by FIB line implantation of Co+ and Co2+ as well as 
of other ions (Nd2+, Ga+, Au+, and Si2+). Before the FIB implantation the rear side of 
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the samples was covered with a 10 nm Co-layer by thermal evaporation to achieve 
a high concentration of Co in the Si bulk and a supersaturation of Co during cooling 
down of the samples in the thermal treatment. It was assumed, that the amount of 
Co atoms above the solubility limit will precipitate preferentially on CoSi2 nanopar-
ticles or on defects formed in the FIB trace. After FIB irradiation the samples were 
annealed at 1,000 °C for different times in dry N 2 atmosphere. At this temperature 
the solubility and the diffusivity of Co in Si are 5 ×1014 cm−3 and 1 ×10−4 cm2 s−1, 
respectively. Already after 10 min of annealing short (200–500 nm) and 10–30 nm
thin NWs self-aligned along the 〈110〉 directions were observed independent on the 
kind of implanted ions (Fig. 19.42a). This effect was also clearly seen in the case of 
a dot-like FIB implantation (without pixel overlapping). It is essential that at lower 
fluences (1014–1015 cm−2) the NW growth occurs more effectively than at higher 
ones, presumably depending on the defect structure complexity. After 30 min

Fig. 19.40 CoSi2 nanowire growth and decay at FIB synthesis in (111)Si: (a) nanowire growth in 
dependence on the implanted cobalt fluence (FIB trace along 〈110〉 direction), (b) small misalign-
ment of the FIB trace of about 1° leads to the decay of the long nanowire into short ones, and (c) 
transformation into a chain of crystalline CoSi2 nanoparticles at a misalignment of the FIB trace 
relative to the 〈110〉 crystal direction of about 15°. The sample temperature during implantation
was kept to 450°C and the two-step annealing was done at 600°C for 1 h and 1,000 °C for 30 min.
(d) 3D KLMC simulations of NW growth and decay for different Si crystal orientations [111]. The 
insert in (d) shows the crystalline nanostructure surface for demonstration of the Co surface diffu-
sion as a driving force for surface faceting of the CoSi2 nanostructures towards the formation of 
stable (111) interfaces shown in (e)
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annealing the wires reach several micrometers in length and 20–50 nm in diameter 
(Fig. 19.42b). Similar results were obtained using, for example, Ga+ FIB irradiation 
(Fig. 19.42c) and irradiation with the other ions (not shown here). It should be men-
tioned here that these NWs are very stable (e.g., for some hours at 1,000 °C), but it
is difficult to provide a better controlled growth of such nanowires because of the 
spontaneous nature of the defect generation initiating a spontaneous CoSi2 NW 
growth along other in-plane 〈110〉 Si crystal directions. In contrast to conventional 
IBS of CoSi2 NWs by high fluence FIB implantation along a narrow trace the defect- 
induced and self-aligned NWs seem to be more stable.

One of the possible reasons for spontaneous and self-aligned NW growth in
〈110〉 directions in (111)-oriented Si wafers should be related to the well-known 
{311} defects in silicon induced during FIB implantation [ 112]. It can be assumed 
that the generation of {311} defects in the silicon crystal plays a crucial role in the
CoSi2 nanowire formation process. {311} defects consist of excess Si-interstitials
coming from FIB induced point defects which rapidly agglomerate at the beginning 
of annealing (temperature ramp up) [113]. They are relatively stable at temperatures 
below 600 °C, at 800 °C they grow up to 150 nm in length via nonconservative
Oswald ripening [114] and at 850–1,000 °C they anneal out in a few minutes form-
ing stable dislocation loops and ejecting silicon interstitials. These defects are 
closed between two {311}-planes and are elongated in the 〈110〉 direction [113]. 
From transmission electron microscopy (TEM) investigations it is known that after 

Fig. 19.41 CoSi2 NW in (100)-Si implanted with a fluence of 7 ×1016 cm−2 (a) and in (111)-Si, 
implanted with a fluence of 3×1016 cm−2 (b) [109]

L. Bischoff et al.



511

annealing at 800 °C the {311} rod-like defects can also transform into similar ones
embedded in {111} habit planes and elongated in the 〈110〉 direction. During 
annealing the implanted and solved Co atoms diffuse and can be gettered in the 
{311} defects. They react with silicon and form silicide precipitates along these
defects, i.e., along the 〈110〉 direction which is the most preferable direction for the 
1-D CoSi2 crystalline structure growth. This process stabilizes the defect structure 
and hinders dissolution of the rod-like defects. Subsequent Oswald ripening of the
silicide precipitates along this 〈110〉 direction leads to the formation and alignment 
of oblong initial CoSi2 nanoparticles at the defect position. During further heating 

Fig. 19.42 CoSi2 NWs synthesized in (111)-Si after 60 keV Co2+ FIB implantation and annealing 
at 1,000 °C for 10 min (a), for 30 min (b) and after 30 keV Ga+ FIB implantation and annealing at 
1,000 °C for 30 min (c)
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the solved cobalt atoms are still available around the nanoparticles and diffuse to 
them promoting the growth of crystalline CoSi2 NWs. This finally results the forma-
tion of some micrometers long NWs embedded epitaxially within the silicon host.

The stages of defect engineering by FIB and the self-assembly of CoSi2 NWs are 
specific to this particular system. However, they serve to illustrate how self- assembly 
and ripening processes can be leveraged to create ordered structures much smaller 
than those directly generated by the FIB. This example of FIB assisted nanoscale 
synthesis of new solid-state phases serves to highlight the potential for introducing 
a robust, well understood step for tailoring self-assembled, cleanly defined nano-
structures, using FIB tools that are already familiar, and procedures that promise to 
be self-limiting, stable, and reliable. Applications of FIB-controlled nanoscale self- 
assembly in the future evidently merit further examination to overcome problems 
during fabrication of a nanowire-based device.

19.4.4  Surface Pattern Formation by Heavy  
Mon- and Polyatomic Ions

Ion irradiation of solid materials’ surfaces is a well-established and widely spread 
technique in material synthesis and modification. Application fields range from 
small-scale, laboratory studies and synthesis to large-scale production of materials 
and technological devices. Especially, low-energy ion irradiation (typically 
<100 keV) of solids can lead to the development of complex and diverse surface 
morphologies. Particularly, the fabrication of ordered surface patterns on the
nanoscale is highly desired for a wide range of technological applications, e.g., stor-
age of information bits by patterned media. Self-organized surface patterns by ion 
beam irradiation offers a route for the fabrication of ordered patterns over large 
areas generally in short processing times on the nanometer scale, beyond the limits 
of lithography [115, 116]. Especially, the formation of ordered quantum dots on 
semiconductors, e.g.,Si, Ge, or GaSb, can be achieved under certain irradiation con-
ditions [18, 115, 117–121].

It is widely accepted that the morphological instability of a sputtered surface by 
a kinetic balance between roughening and smoothing mechanism is the basis for a 
self-organized pattern formation [122–125]. For a long time it has been expected 
that no formation of ordered quantum dots on surfaces of elemental semiconductors 
by normal-incidence ion beam irradiation can occur, if no silicide-forming metal is 
incorporated in the pattern formation process [126–128]. However, it was found that 
employing irradiation of elemental semiconductors with mono- and polyatomic Bi 
ion irradiation cuts out a new path for the fabrication of uniform, nanoscale dot pat-
terns with aspect ratios close to one. This is exemplarily shown in Fig. 19.43.

In this section, it will be shown that normal-incidence irradiation of Ge with 
polyatomic Bi3

2 +, Bi3
+, Bi2

+ ions lead to the formation of hexagonally ordered dot 
patterns at room temperature (RT). For comparison, irradiation with monoatomic
Bi+ ions results in the formation of the well-known sponge-like patterns at RT, only

L. Bischoff et al.



513

irradiation at temperatures well above RT leads to similar dot patterns. Whereas the
formation of the sponge-like morphologies can be attributed to vacancy dynamics, 
the formation of the dot-like pattern is related to a liquid–solid phase transition.

19.4.4.1 Formation of Sponge-Like Ge Morphologies

Depending on the ion energy, the irradiation of Ge at RT with heavy Bi + ions leads 
to the formation of porous, sponge-like surface morphologies. The sponge forma-
tion starts after irradiation with ~1–5 ×1015 ions cm−2, i.e., well above the amor-
phization threshold for the irradiated surface layer. Beginning with some surface 
roughening, the surface pattern evolves with increasing fluence and reaches a 
“steady state” of the surface morphology after applying a fluence of ~1–5×1016 cm−2, 
while the pattern is still being sputter into the Ge substrate by ion erosion. This pat-
tern evolution is shown for 60 keV Bi+ and increasing fluence in Fig. 19.44. The 
formation of such porous, sponge-like networks by ion irradiation of Ge is well 
known and exceptionally pronounced for heavy ion species like Ge [120], Ga [119], 
Au [129], Pb [130], or Bi [120].

This sponge-formation can be understood in the following model: The ion irra-
diation of Ge leads to defect creation in a surface layer. By the ongoing creation of 
interstitials and vacancies due to ion irradiation, i.e., increasing fluence, an amor-
phous Ge layer is formed.

The depth distribution of the vacancy generation is dependent on the ion energy. 
The mean of the distribution as well as the total amount of created vacancies per 
single ion impact increases with increasing ion energy. The formation of a porous 
surface layer is related to a strong vacancy creation and defect diffusion. Due to the 
high mobility of vacancies in Ge they can cluster and grow to form voids [131]. To 
understand the morphology evolution, a model of a vacancy kinetics based pattern 
formation, which was roughly sketched for ion implantation of GaSb and InSb can 
be elaborated [132, 133].

Fig. 19.43 HR-SEM image
of a Ge surface after the 
irradiation with 30 keV Bi3

+ 
ions at RT. The fluence was
1×1017 cm−2
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Even in the amorphized Ge, where the atomic structure only has a very local 
short-range order, further ion impacts in the amorphized Ge create further vacancies 
and interstitials, which correspond to Ge atoms having dangling or floating bonds, 
respectively. Vacancies are stabilized in the amorphous Ge network by dangling 
bond switching processes [132] and thus have a certain, finite lifetime. Due to their 
high mobility, the vacancies’ free energy can be reduced [131], i.e., within their finite 
lifetime diffusion allows the vacancies to travel a certain distance. This leads to a 
certain probability that vacancies are trapped in a vacancy cluster or reach the sur-
face, instead of being annihilated. Once vacancy cluster are created, those can grow
in size by attachment of further vacancies. In this way, voids can be formed, which 
are also, like the sample surface, acting then as a sink for the diffusing vacancies.

Depending on the generation depth of the vacancies, i.e., depending on the ion 
energy, different morphologies can be obtained. This is schematically depicted in 
Fig. 19.45, where ions (black arrows from the top) are incident on an amorphous Ge 
layer (solid bottom part). Vacancies (empty circles) are generated by the ions.

Fig. 19.44 HR-SEM images of Ge surface morphology after irradiation with 60 keV Bi+ at RT.
The fluence is increasing from (a) to (d): 1×1014, 1×1015, 1×1016, 1×1017
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For low ion energies, vacancies are created close to the surface. Therefore, out- 
diffusion of the vacancies to the sample surface is most likely and due to ongoing 
sample erosion (dotted line Fig. 19.45), no surface patterning will be visible 
(Fig. 19.45a). For medium ion energies, vacancies will be generated deeper in the 
Ge bulk. Therefore, it is more probable that vacancy clusters are formed compared 
to the out-diffusion to the surface. Once vacancy clusters are formed, they will grow
in size by attachment of further vacancies and finally form voids. By ongoing ion 
erosion, the sample surface will reach those voids and intersect them. In this way 
hole-like patterns can be formed on Ge (Fig. 19.45b), which was also observed 
experimentally for Ga implantation of Ge [135, 136]. For even higher ion energies 
void formation is happening deeper in the bulk. In this case, voids coagulate, which 
is then visible as a porous sponge-like network, when erosion moves down the origi-
nal sample surface (Fig. 19.45c). Moreover, the whole process is enhanced by the 
increased vacancy creation with increasing ion energy. A stabilization of the pattern 
formation is likely to be obtained by interstitial induced stress in the amorphous 
layer. Because, as more and more interstitials accumulate, stress in the surface layer 
increases. This in turn leads to a reduction of the vacancies’ lifetime [134].

A shift of the energy regime for different surface morphologies between different 
ion species is related to different vacancy creation depths and displacements per 
impinging ion.

Fig. 19.45 Schematic of the surface evolution by vacancy kinetic for (a) smooth, (b) hole-like and 
(c) sponge-like surface morphologies. Vacancies (empty circles) are generated by ion impacts 
(black arrows from the top) in the Ge bulk. (a) For low ion energies, vacancy generations happens 
in a very surface near volume, diffusion to the surface is most probable. (b) For medium ion ener-
gies, vacancies are generated more deeply in the bulk, and thus vacancy clustering and void forma-
tion is favorable. (c) High ion energies lead to void formation in the bulk, where void coagulation 
then leads to the formation of a porous network. Ongoing ion erosion sputters the original sample
surface down to the created structures (dotted line)
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19.4.4.2  Formation of Dot-Like Ge Patterns by Liquid–Solid Phase 
Transition

Elevation of the Ge substrate temperature during ion irradiation with heavy ions like 
Bi changes the resulting surface morphology drastically. The effect of an increased 
substrate temperature between 460 and 700 K during ion irradiation is depicted for 
ion irradiation with Bi ions having kinetic energies of 20 and 30 keV in Fig. 19.46.

At low temperature the resulting surface morphology equals that at room tem-
perature, i.e., a sponge-like structure. However, an increase of the substrate tem-
perature changes the surface morphology to a dot-like pattern. There is an 
energy-dependent temperature window, where hexagonally ordered dot-like pat-
terns are formed. The short-range order increases with increasing substrate tem-
perature up to an optimum in the temperature window and decreases at a further 
temperature decrease. Moreover, a further temperature increase leads to a flattening 
of the dot patterns. Above a critical temperature, smooth surface are obtained.

The substrate temperature to obtain smooth surfaces depends only slightly on the 
ion energy, whereas the temperature for the beginning of the dot formation increases 
significantly with increasing ion energy. Thus, the temperature window for dot for-
mation gets smaller for higher ion energies.

Having a look at the structure of some of the dot-like patterns by HR-XTEM
(Fig. 19.47), reveals that irradiated surface layer have sinusoidal shape. Moreover, 
even at irradiation temperatures above the recrystallization temperature of Ge, the 
irradiated surface layer stays amorphous. Because, even if the material is molten by 
the high energy deposition of the heavy ion impacts (see below), the molten volume 
inside the ion impact cascade cools down below the melting temperature in some 
tens of picoseconds. This exceeds the maximum epitaxial solidification speed accord-
ing to the Frenkel–Wilson law, i.e., the material is quenched in its amorphous state.

To identify the underlying mechanisms for the change of the surface morphology with 
increasing substrate temperature, experimental data for Bi+ irradiation of Ge at ion ener-
gies of 10–30 keV and substrate temperature between RT and 780 K can be composed

Fig. 19.46 HR-SEM images of the temperature dependency of the surface morphology for 20 and
30 keV Bi ion irradiation. The substrate temperature during ion irradiation is increasing from 500
to 700 K from left to right (from [121])
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into a phase diagram, which is shown Fig. 19.47. The color bar indicated the hexagonal 
short-range order according to [120]. Blue areas indicate ion energy- temperature combi-
nations, where smooth surfaces or sponge-like morphologies are obtained.

The formation of the dot pattern can be identified with ion impact-induced local 
melting: Local melting occurs if the energy, which is deposited by an ion into its 
collision cascade volume, exceeds the latent heat of fusion plus the energy needed 
to heat up the collision cascade volume from the substrate temperature to the cor-
responding melting temperature. Using the thermodynamic parameters of Ge [121] 
and approximating the collision cascade volume from ion implantation parameters 
from TRIM simulations [137], the fulfillment of a melting condition in the ion col-
lision cascade volume can be estimated.

This estimated melting threshold is represented by the white curve in Fig. 19.48, 
separating the sponge-like from the dot-like surface morphologies. The onset of dot 
formation coincides approximately with the melting condition. Moreover, agreement 
increases, if it taken into account that the melting condition overestimated the needed 
ion energy for local melting, because heat conduction is neglected in this simple 
estimation. For all ion energies, dot pattern disappear at temperatures above ~720 K.

Fig. 19.47 HR-XTEM
images of (a) 20 keV Bi+ 
irradiated Ge at 600 K  
and (b) 30 keV Bi+ irradiated 
Ge at 700 K substrate 
temperature. The dot-like 
surface layer stays 
amorphous during ion 
irradiation even at elevated 
substrate temperatures 
(according to [121])
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19.5  Conclusions

In this chapter the mass-separated focused ion beam system was introduced and 
adapted to several fields of applications in nanotechnology. Providing a wide spec-
trum of different ion species for FIB processing, such systems open up new hori-
zons in terms of material modifications at the nanometer scale. The configuration of 
a mass-separated FIB apparatus containing an ExB mass filter was briefly described 
as well as the fundamentals of liquid metal alloy ion sources. The alloy LMIS and 
their progressing development are the basis for operating FIB systems with multiple 
ion species while the benefits of conventional Ga based machines are maintained. 
To demonstrate the wide range of applications, four different techniques of FIB 
based material processing were presented.

A direct lithography process on sp3 rich tetrahedral amorphous carbon layers was 
introduced. Ion irradiation of ta-C causes the conversion of sp3 to sp2 bonded carbon 
atoms, which is an insulating-to-conductive transition of the material. The FIB can 
therefore be used to fabricate locally conductive structures embedded in the highly 
resistive ta-C matrix. This technique does not rely on additional process steps like 
resist deposition, resist development, chemical etching and film deposition. Thus, 
any structure design can be easily transferred by FIB implantation in ta-C films. The 
fundamental dependence of the irradiation conditions, especially the ion fluence, on 

Fig. 19.48 Phase diagram of the surface morphologies in the plane of Bi + ion energy vs. substrate 
temperature. Blue areas have no dot-like morphology, i.e., at this energy-temperature combinations 
smooth or sponge-like morphologies are obtained. The color bar indicated the short-range order of dot 
pattern according to [120], a value of 6 would correspond to an ideal ordering. High substrate tempera-
tures result in smooth surfaces. Below the white curve local transient melting in the collision cascade 
can be predicted, i.e., dot pattern formation is related to ion-induced nanomelt kinetics (from [121])
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the electrical properties of ion implanted ta-C was intensively studied. Furthermore, 
the small FIB spot diameter makes it possible to fabricate conducting nanowires 
that provide a significant current transport through the high resistive diamond-like 
carbon. Besides the effect of sp3 to sp2 conversion, the segregation of implanted Ga 
induced by thermal treatment after FIB irradiation can be used effectively to pro-
duce spherical Ga nanoparticles. It was shown that the annealing of well-chosen 
microstructures, made by Ga-FIB lithography on ta-C, results in the growth of Ga 
droplets with a defined size and accurate positioning. In this manner, well-ordered 
arrangements of Ga nanoparticles with a size of several tens of nanometer were 
produced on the ta-C surface, which is prospective for plasmonic applications.

The implantation of Ga in single crystalline Si strongly affects the selectivity 
during wet-chemical etching with KOH. By applying the FIB, well defined etch-
resistive sites in the Si were produced. Furthermore, the use of silicon-on-insulator 
substrates enables the self-aligned fabrication of free-standing Si structures by 
Ga-FIB implantation and subsequent KOH etching. The dependence on the photo-
resist processing or multistage etching processes, which are usually essential for the 
structuring of free-standing elements, is absent. It was shown that the electrical 
properties and the width of Si nanowires can be tailored by the FIB implantation 
parameters. Additionally, the fabrication of silicon based micro mechanical resona-
tors is prospective.

One advantage of a FIB is the possibility to locally incorporate a defined amount
of material into a solid. The formation of new solid phases can be enforced by ther-
mal treatment after implantation of well-chosen ion species into certain target mate-
rials. This effect was demonstrated for the case of Co implantation in Si, which 
results in the synthesis CoSi2 nanowires. The influence of the irradiation and anneal-
ing conditions on the nanowire growth and their properties was intensively dis-
cussed. Experimental observations were supported by kinetic Monte Carlo 
simulations. Here, the variety of different elements provided by the mass-separated 
FIB is essential for the fabrication of insulating, semiconducting or metallic phases, 
which can be formed in various substrates.

Self-organized surface patterning by ion irradiation is of great interest from the 
fundamental and technological point of view. The bombardment of Ge substrates by 
heavy Bi cluster ions was shown as an effective method for creating well-defined, 
hexagonally ordered dot arrays. The evolution of nanodots during irradiation was 
related to the very high energy deposition by implantation of such massive particles. 
A local temperature increase during the impact event that creates a melt pool con-
sisting of liquid Ge was proposed, which induces densification and material trans-
port. Consequently, the substrate temperature during ion irradiation and the ion 
energy are the crucial factors that determine the pattern formation. This was sum-
marized in a phase diagram, which reflects the optimal conditions for the fabrication 
of well-ordered dot patterns. Analytical calculations were presented that support the 
theoretical assumptions.

After consideration of these four peculiarly diverse examples of FIB application, 
it stands to reason that the mass-separated FIB is a powerful tool in the entire field of 
material science, ranging from fundamental physics to pinpointed nanoprocessing.
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