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Chapter 1

Introduction

1.1 A Perspective on Nanomanipulation

In his famous speech "There is plenty of room at the bottom" in 1959, Richard Feyn-
man discussed how to manipulate and control things on a molecular scale in order to
achieve electronic and mechanical systems with atomic sized components. He con-
cluded that the development of technologies to construct such small systems would be
interdisciplinary, combining fields such as physics, chemistry and biology, and would
o er a new world of possibilities that could radically change the technology around
us. A few years later, in 1965, Gordon Moore [9] noted that the number of transistors
on a chip had roughly doubled every other year since 1959, and predicted that the
trend was likely to hold as each new generation of microsystems would help to de-
velop the next generation at lower prices and with smaller components. To date, the
semiconductor industry has been able to fulfil Moore’s Law. The impact on society
and our lives of the continuous downscaling of systems is profound, and continues
to open up new frontiers and possibilities. However, no exponential growth can con-
tinue forever, and the semiconductor industry will eventually reach the atomic limit
for downsizing the transistor. Today, as that limit still seems to be some 20 years in
the future, the growth is beginning to take new directions, indicating that the atomic
limit might not be the limiting factor for the technological development the future.
The semiconductor devices show an increased diversification, dividing for instance
processors into very di erent systems such as processors for cheap disposable chips,
low power consumption portable devices or high processing power devices. Micro-
fabrication is also merging with other branches of science to included for instance
chemical and optical micro systems. This diversity seems to increase on all levels in
technology. As the components become so small that quantum e ects become im-
portant, the diversity must be expected to further increase as completely new devices
and possibilities begin to open up that were not possible with the bulk materials of
the today’s technology. The visions of Feynman are today shared by many others:
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1.1. A PERSPECTIVE ON NANOMANIPULATION

when nanotechnology is seen as a general cross disciplinary technology, it has the
potential to create a coming "industrial" revolution that will have major impact on
society and everyday life, comparable to electricity and information technology.

1.1.1 Nanocomponents and Methods

As an emerging technology, the methods and components of nanotechnology are un-
der continuous development and each generation is providing a better foundation
for the following. With regards to the methods, the Scanning Tunneling Microscope
(STM) [10] and Atomic Force Microscope (AFM) [11] were developed in the 1980’s
and opened up completely new ways to investigate nanoscale materials. An important
aspect was the novel possibility to directly manipulate nanoscale objects. Transmis-
sion and scanning electron microscopes (TEM and SEM) had been available since
the 30’s [12][13], but mainly o ered the possibility to passively image rather than
actually interact with the sample.
Several unique nanoscale structures were also discovered around 1990: the C60

buckyball molecule [14] and later the carbon nanotube [15]. In recent years, more
complex nanostructures such as semiconductor nanowire heterostructures have also
proven to be useful building blocks or components in nanodevices [16][17]. The ap-
plications of such nanocomponents span all aspects of technology: Electronics [18],
optics/photonics [19], medical, biochemical [20] as well as better and smarter mater-
ials. But to date few real products are available with nanoscale components, apart
from traditional nanoscale products, such as paint with nanoparticles or catalytic
particles for chemical reactors. Prototype devices have been created from individual
nanocomponents, but actual production is still on the verge. As when integrated
electronics were developed [9], nanotechnology is currently in the phase where com-
ponent production methods, characterization methods, tools for manipulation and
integration are evolving by mutual support and convergence.
A main problem is reliable integration of the nanoscale components into microsys-

tems since the production methods are often not compatible. For fabrication of
devices with integrated nanocomponents, the optimal manipulation technique is of
course to have the individual components self-assembling or growing into the required
complex systems [21][22]. Self assembly of devices in liquids is an expanding field
within nanotechnology but usually requires the components to be covered in various
surfactants, which usually also influence the component properties. To avoid surface
treatments, nanotubes and whiskers/wires can be grown on chips and microsystems
directly from prepatterned catalytic particles [23][24][25]. Although promising for
future large scale production of devices, few working devices have been made by the
method to date.
The prevailing integration technique for nanowire/tube systems seems to be elec-

tron beam lithography (EBL) of metal structures onto substrates with randomly
positioned nanowires deposited from liquid dispersions [26]. By using flow alignment
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or electrical fields, the wire deposition from liquids can be controlled to some extent
[27]. The EBL method has allowed for systematic investigations of nanowires’ and
tubes’ electrical properties, and creation of high performance electronic components
such as field-e ect transistors and chemical sensors [28]. These proof of principle
devices are some of the few but important demonstrations of devices nanotechnology
might o er. In addition nanomechanical structures have also recently been demon-
strated, such as rotational actuator with a carbon nanotube axis built by Fennimore
et al. [29].
A more active approach to creating nanowire structures is to use scanning probe

microscopy (SPM) to push, slide and roll the nanostructures across surfaces [30][31].
SPM manipulation has been used to create and study nanotube junctions [31] and
field e ect transistors [32]. The ability to manipulate individual nanoscale objects
has hence proven very useful for building proof-of-principle devices and prototypes,
as well as for characterizing and testing components. The self-assembly method is
likely to be important for future large scale production, but nanomanipulation will
probably be a key technique to use for testing individual structures and developing
prototypes before processes are made to mass-produce devices. Such techniques could
hence become important factors in the self-sustaining development of nanotechnology.

1.1.2 Nanomanipulation Systems

To monitor the manipulation process, in-situ SEM or TEM manipulation seems
preferable. AFM (or STM) does have the resolution to image nanoscale objects,
even down to the sub-atomic scale [33], but the imaging frame rate is usually slow
compared to SEM or TEM and the structures will normally have to be planar. SEM
o ers the possibility of high frame rates; almost nanometer resolution imaging of
three-dimensional objects; imaging over a large range of working distances; and ample
surrounding volume in the sample chamber for the manipulation setup. TEM has a
much more limited space available for the sample and manipulation systems but can
on the other hand provide atomic resolution. For detailed studies of the nanowires’
structure, TEM is a useful tool, but for the assembly of nanoscale components of a
well defined structure, such as batch fabricated nanowires and nanotubes, the SEM
resolution should be su cient to complete the assembly task.
As the STM and AFM techniques opened up completely new fields of science

by allowing the investigator to interact with the sample rather than just observe,
development of nanomanipulation tools for SEM and TEM could probably have a
similar e ect for three-dimensional manipulation. Recently, commercial systems for
such tasks have become available such as the F100 Nanomanipulator System from
Zyvex in October 2003 [34]. Several research groups have also pursued developing
such systems [35][36][30].
To date the tools used for in-situ SEM nanomanipulation have almost exclus-

ively been individual tips (AFM cantilever tips or etched tungsten tips), sometimes
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1.2. THE PRESENT WORK

tips used together with electron beam deposition have been used to create nanowire
devices [37]. Despite the availability of commercial microfabricated grippers in the
last couple of years, little has been reported on the use of such devices for handling
nanostructures. Some electrical measurements and manipulation tasks have been
performed in ambient conditions with carbon nanotube nanotweezers [38][39].

1.2 The Present Work

The three year Ph.D. project aimed at developing an in-situ SEM nanomanipulation
setup with tools for prototyping and research applications. In this thesis focus will
be on investigating and characterizing nanowires and nanotubes, since these rod-
shaped components can be complex individual nanosystems such as the nanowire
heterostructures developed by the groups of Lieber [16] and Samuelson [21].
At the project start, the actuation systems to move tools with nanometer precision

were available commercially. The microfabrication facility at MIC also meant that
we were able to design and fabricate unique tools to use in such a setup. Our research
group, the Nanohand project, had previously gained experience in the fabrication and
use of microcantilever chips for measuring the conductivity of surfaces. By changing
the design of the chips, microfabricated grippers could be made that might be able
to manipulate objects in the in-situ setup. The existing microcantilever systems
developed at MIC, the four point probes and piezoresistive AFM cantilevers, could
also become useful tools within the setup for characterization of nanostructures. After
integrating the nanowires/tubes in a microsystem, it would be preferable to be able
to investigate the structure of the device with high resolution. A special method was
developed using microcantilever chips for TEM studies, so-called TEM-Chips.
Chapter 2 introduces the SEM and TEM instruments, as well as the standard

chips available at MIC by the beginning of this project. Then, the developed SEM
manipulation systems and the TEM-chip system are described. In Chapter 3, the
development of microfabricated grippers for nanomanipulation and how the devices
were used for successful manipulation of nanowires is described. Chapter 4 describes
how electron beam deposition (EBD) can be used to directly solder and construct
nanostructures. The study was done using an environmental electron microscope.
The environmental EBD (EEBD) was found to give unique opportunities, such as
the possibility to create structures with a solid polycrystalline gold core under suit-
able conditions. Finally chapter 5 describes how the "TEM-Chips" were used to
investigate carbon nanotubes.
The developed concept for an in-situ nanolaboratory is a versatile system where

each part can have several di erent applications:

• The microfabricated gripper could be the assembly tool as well as a device plat-
form onto which nanowires can be placed. Such nanowire devices can then be
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characterized in both TEM and by other methods (cryogenic or optical measure-
ment etc.). Microgrippers could also find applications such as manipulation of
micrometer sized samples for microscopy in general.

• The electron beam would be used for imaging during manipulation. With EBD,
the beam can also be used to solder and bond nanostructures together and
even to directly construct nanostructures. EBD is for instance used to make
nanoscale tips on the microfabricated grippers.

• The nanowires/EEBD structures can be used for electrical as well as structural
components (such as tweezers tips).

With su ciently small gripper tools for the in-situ nanomanipulation system,
pick-and-place assembly of nanodevices might be feasible. Electron beam deposition
could be used as a soldering tool for fixing the components and ensuring electrical
contact. Such a scheme is resembling the automated pick-and-place of macroscopic
electronic components onto printed circuit boards, but applied to objects that are
10000 times smaller.
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Chapter 2

Nanomanipulation Systems

Design of an in-situ electron microscope nanomanipulation system requires an un-
derstanding of how to achieve optimal images with the microscope. The first section
reviews transmission (TEM) and scanning electron microscopy (SEM), which are both
used for experiments in this work. The manipulation system consists of a manipula-
tion tool and an actuation unit to move the tool. Section 2.2 reviews the tools for
manipulation and characterization of nanostructures that were available at MIC when
the project started, as well as the actuation units capable of moving the tools with
nanometer precision (Chapter 3 describes the development and use of microfabricated
grippers for manipulation). Finally, the developed setups for nanomanipulation are
described.

2.1 Introduction to Electron Microscopy

For manipulation and imaging of nanoscale objects, optical microscopy has limited
resolution since the objects are often smaller than the wavelength of the light. The
achievable resolution for a wavelength is often given by the di raction limit [40]
as

= 0 61 (2.1)

with numerical aperture which can be approximated1 by the the angle of
incidence where is the radius of the objective lens aperture and

the working distance. Optical microscopes can often reach a resolution of about
=200 nm. For nanomanipulation this is unfortunately not su cient to distinguish

for instance a single one nanotube from two adhering to each other, since they have
diameters . 100 nm One can achieve a considerable improvement in resolution with
instruments such as the transmission electron microscope and the scanning electron

1Since ¿ 1for the present purposes, sin tan
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2.1. INTRODUCTION TO ELECTRON MICROSCOPY

Optical Microscopy

Scanning Electron Microscopy

Transmission Electron Microscopy
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Figure 2.1: The di erent methods for microscopy used in this thesis each cover a range of magni-
fication roughly indicated by the bars. The resolution of optical microscopy is limited to about 200
nm. a) SEM image of the head of an ant facing one of the microfabricated grippers. The gripper
is barely visibly at the tip of the arrow. b) SEM image of a gripper approaching a large bundle of
carbon nanotubes. c) Closeup in SEM of the gripper and nanotubes. d) TEM image of a carbon
nanotube suspended between two grippers. e) TEM closeup of the shells of carbon atoms in a carbon
nantoube. On the nanometer scale this particular carbon nanotube does not show a well defined
carbon shell structure.

microscope that use electrons with De Broglie wavelength much smaller than that
of visible light. Figure 2.1 gives an overview typical magnifications achievable by
the di erent electron microscopes compared to a light microscope. Electron optical
systems use electrical and magnetic fields to control the electron beam. Although the
law of refraction in optics is exchanged with the Lorentz force in electrodynamics,
the electron optical system has similar di raction limits as optical systems, since they
depend on the wave nature of the beam.
The De Broglie wavelength of an electron with momentum is

= =
2

(2.2)

where is Plancks constant. The electron has rest mass and energy =
2 = 511 keV If an electron with charge is accelerated from rest by an electrical

potential , to the electron beam energy = it will have a wavelength of 1 nm
at 1 eV decreasing to 1 pm at 100 keV where it will be travelling with 50% the speed
of light.
This chapter will briefly review fundamental issues for electron microscopy that are

similar for SEM and TEM: the limitations imposed by the electron optical beam sys-
tem in the microscope column; the interaction of the electron beam with the sample;
the standard image formation method in SEM and TEM. These issues are essential
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to understand the results and limitations reached in the experiments throughout the
thesis. For further details, please refer to reviews of electron microscopes and their
applications, such as Goldstein et al. [41] that contains a thorough review of SEM,
while Goodhew and Humphreys [42] is a more general introduction to both SEM and
TEM.

2.1.1 Electron Optics and Scattering

The electron optical system

For high resolution imaging, a well focused beam is required, just as in optical mi-
croscopy. Due to the short wavelength of electron beams with keV energies, as given
by Eq. (2.2), the properties of the electron optical system and the electron emitter
mainly defines the limits on the achievable beam diameter. The current density in
the electron beam can be approximated by a Gaussian distribution of current density
[A/m2] as function of radius, , from the beam center

( ) = 0

³
0

´2
(2.3)

with radius determined by 0, giving a the full width half maximum =
2 ln 2 0. Integrating =

RR
( ) gives the total beam current

= 0
2
0 (2.4)

The electron optics impose a limit on the achievable beam current density and
radius by the brightness of the electron emitter , which is conserved throughout
the system [43]. Brightness, is a measure of the current per area normal to the
beam direction and per element of solid angle [44]. At the center of the Gaussian
beam,

=
0

2
(2.5)

and the brightness is related to the current density in Eq. 2.3. The emitter brightness
is determined by the type of electron emitter and the beam energy [45]

= (2.6)

with emission current density for W-filament sources about 3 A/cm2 for
LaB6 sources about 100 A/cm2 while field emission guns (FEG) can reach 105A/cm2.
The energy spread of the electrons from the sources are about 1 eV and
slightly lower for FEGs. Due to conservation of the brightness in the system, the
beam diameter depends on current as
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2.1. INTRODUCTION TO ELECTRON MICROSCOPY

0 =
1

s
(2.7)

The ideal beam probe size determined by the conservation of brightness cannot
be obtained in a real system. E ects such as aberration will make the minimum
achievable beam diameter larger. Equation 2.7 however seem to adequately describe
the beam diameter for the present discussion [46][47]. Apart from the additional
beam widening contributions, the image detection method imposes limits on useful
values for the parameters in Eq. 2.7 which di er for SEM and TEM.

Electron Range

The electron optical system sets limitations to the achievable primary beam current
and radius. The expected image resolution set by the primary beam cannot be
reached if the signal detected for imaging is caused by electrons scattered far in the
sample. The trajectory of an electron penetrating a bulk solid is a complex trajectory
due to multiple elastic and inelastic collision events. As the primary electron (PE)
penetrates into the sample it will gradually change direction and loose energy in
collisions. The mean free path due to elastic and inelastic collisions, depends
on the atomic number of the material and the PE energy. At 100 keV = 150
nm for carbon and 5 nm for gold [42]. For samples thinner than the main part
of the PE will pass relatively una ected through the sample, which is the basis for
TEM.
SEM can be used for thicker specimens. The electrons that escape from the

sample in a new direction compared to the PE due to elastic collisions are called
backscattered electrons (BSE). For samples thicker than the volume interacting
with the scattered PE defines the range of the electrons in the material, and this is
considerably larger than the minimum achievable primary beam diameters. The
electron range is about 1 m at 10 keV for carbon, decreasing with higher atomic
number for the material. Both the high energy PE and BSE generate secondary
electrons (SE) by inelastic scattering events. The SE are generally defined as having
energy below 50 eV while the BSE have energies up to the PE energy. The range of
SE is typically 1 nm for metals and about 10 nm for insulators [41]. The short range
of the SE make the yield of SE highly dependent on the energy lost by the PE within
the SE range from the surface, and this makes high substances e cient generators
of SE. The main emission of SE takes place in the region where the PE strikes the
surface and within the SE escape depth from this region.

2.1.2 Scanning Electron Microscopy

In a scanning electron microscope a beam is scanned over the sample surface in a
raster pattern while a signal is recorded from electron detectors for SE or BSE. The
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Legend:
PE - primary electrons
BSE - Back scattered electrons
SE - escaping secondary electrons
SE - stopped SE

PE range

Figure 2.2: Overview of electron electron scattering processes in bulk and tip-shaped specimens.
The PE are scattered within the interaction volume, defined the electron range in the material. The
range is longer than the mean free path . The SE have a very short range, and only those
created within that range from the surface can escape the material. This defines the SE escape
depth.

PE energy is kept relatively low (1 30 keV) to limit the interaction volume in
the specimen that will contribute to the detected signal. Especially low energy PE
will provide high sensitivity to surface composition as they cannot penetrate far into
the sample. Fig. 2.3a-b show the e ect of PE penetration depth of a carbonaceous
nanostructure with a gold core, where only the surface is visible at low PE energies,
while the carbon becomes increasingly transparent and the core visible at high PE
energies.

The low energy SE can easily be attracted and collected by a positively charged
detector and are hence an e cient source for an image signal. The standard SE de-
tector is an Everhart-Thornley (ET) detector where a positively charged grid attracts
the SE and accelerates them to su ciently high energies to create a light pulse when
striking a scintillator. The light pulse is then amplified by a photomultiplier. Despite
the complex construction, the ET detector is remarkably e cient, but requires large

for e ective collection of the SE by the charged grid. Another SEM detector used
in this work, is the in-lens detector, where SE passing through the column aperture
are accelerated towards a solid state detector. The in-lens detector complements the
ET by being more e cient at short .
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2.1. INTRODUCTION TO ELECTRON MICROSCOPY
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Figure 2.3: The electron range increases with beam energy. The internal structure of the EEBD
deposits can be examined at high electron beam energies in SEM. At 5 kV with shallow penetration
depth, the surface of the tips is clearly visible while at higher energies a core of more dense material
becomes increasingly visible. At 100 keV and above, TEM images can achieve atomic resolution
where the lattice planes in nanocrystals such as the gold nanocrystal in (c). The gold crystal is
embedded in amorphous carbon with no clear lattice pattern.

The Optimal SEM Image for Nanomanipulation

As the typical SEM image is created from the secondary electrons collected from the
sample, compromises must always be made to obtain the optimal imaging conditions
regarding resolution and contrast. The contrast in a SEM SE image depends on the
variations in SE yield from the di erent surface regions in the image and the signal
to noise level. The resolution depends on the beam diameter and is at least some nm
larger due to the SE range.
The optimal solution is always to use as good an emitter as possible (high in

Eq. 2.7). The SEM instruments at MIC, Lund, and the ESEM at Haldor Topsøe,
all use FEG sources. Working at short gives a narrow beam (Eq. 2.7), but
will usually shield the standard ET detectors from attracting su cient secondary
electrons. Nanomanipulation often requires working with high resolution between two
large manipulator units which further limits the e ciency of signal detection. The
manipulation equipment must be designed to make the end-e ector and samples meet
at short and without obstructing the electron path towards the detector. A short

also gives a short depth of focus, which can be a help during nanomanipulation
because it makes it possible to judge the working distance to various objects by
focussing on them. The operator can use this to get an impression of the height of
the objects in the setup. Generally, for nanomanipulation, the above considerations
indicate an inlens detector often can be advantageous.
Reducing the beam current to narrow the electron beam necessarily limits the

number of detected electrons and make the signal-to-noise ratio low, unless one makes
very slow scans to increase the number of counts2. When used for in-situ nanomanip-

2The signal to noise ratio for Poisson distributed count measurements is = and
high counts are necessary to reduce noise in the images.
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ulation one needs a fast scan rate to follow the moving tools (preferably at rates ap-
proaching live video) and this requires high beam currents. The acceleration voltage
is also important, and too high PE energy can make the sample transparent (such as
the carbon coating in Fig. 2.3b) while low energy usually make the image susceptible
to drift due to charging and similar e ects.

2.1.3 Transmission Electron Microscopy (TEM)

When the specimen thickness is about the mean free path, , TEM can be used
to achieve high resolution images such as the image in Fig. 2.3c where the atomic
lattice of a gold nanocrystal is visible. Since the detected electrons are transmitted
PE where the energy can be in the 100 keV range, the resolution is not limited by the
issues regarding secondary electrons. The electron beam optics can be optimized for
higher current densities (Eq. 2.5) at higher energies compared to SEM. To achieve
optimal imaging conditions for the thin TEM samples, the working distance has been
made short. In most TEMs, the space for the sample holder is only about (5 mm)3

between the two objective lenses for the incoming and transmitted beam. Before
reaching a CCD camera, the transmitted beam is sent through several magnification
lenses to achieve the high magnification (500.000X is not unusual).
The image formation in TEM can be based on several principles, but practically

all images used in this work were made by phase contrast imaging, here called High
Resolution TEM or HRTEM. At su ciently high brightness, electron sources can
produce coherent electron beams due to the point-like emitter surface area and small
energy spread [48]. The coherent electron beam can be considered as a spherical wave
propagating from the emitter and out through the electron optical system, much like
a laser beam would propagate through an optical system. The HRTEM images are
based on the interference of the electron wavefront after it has passed through the
sample and reaches a CCD detector to give a phase contrast image of the sample. The
image will have a resolution determined of course by the wavelength of the electrons
(Eq. 2.2) but mainly by the imperfections of the electron optics which also perturbs
the wavefront. The optimal imaging condition is for a sample thickness about ,
where the wavefront is only slightly perturbed by passing through the sample. Both
the TEM at Haldor Topsøe and at IPL that we have used for this project are capable
of resolving individual shells of a carbon nanotubes as discussed in Chapter 4 and
5. The fine-tuning of the electron optical system to the required resolution can be
achieved in about 30 min.

2.1.4 Summary

SEM seems to o er a suitable environment for nanomanipulation of nanowires and
nanotubes. The resolution can be of the order nm, and there is a large space available
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2.2. TOOLS FOR NANOMANIPULATION

for the sample and manipulation system in the vacuum chamber. For optimal resol-
ution and contrast, the available detection methods and the need for a short working
distance should be considered when building the setup. It is important to remember
that a good SEM image usually requires careful balancing of all the issues mentioned
in Sect. 2.1.2. Failure to design an experimental setup to satisfy proper imaging
conditions can end up wasting days with the manipulation equipment to accomplish
what might have been achieved in a fraction of the time if proper imaging conditions
had been obtained.
TEM provides higher resolution, capable of imaging atomic lattice patterns in

HRTEM images. Compared to SEM the sample space is very limited and manipula-
tion setups di cult to construct, although commercial systems are available [49]. In
this project a microchip based system is developed for combined electrical and TEM
characterization of nanostructures (Sect. 2.3.3).

2.2 Tools for Nanomanipulation

The main part of the nanomanipulation experiments in literature has been done us-
ing tips on AFM cantilevers or STM tips; even for three-dimensional in-situ SEM
manipulation. AFM and STM are very well developed technologies with high resolu-
tion and possibilities for doing manipulation, but mainly limited to planar surfaces.
This project aims at developing microfabricated grippers in the hope that they will
o er a wider range of possibilities for three-dimensional manipulation, though this
will also require an increase in complexity of the manipulation method. This is the
subject of chapter 3, which starts with a literature review of nano/micro grippers and
tweezers. In this project STM tips are also used for manipulation of samples that
adhere too strongly to be manipulated by grippers (see Chapter 5). Such tips and
other alternatives to grippers for manipulation are briefly reviewed below.
Apart from imaging, both AFM and STM can also be used for measuring the elec-

trical properties of the samples. AFM can also provide detailed information about the
forces between the tip and object. For the in-situ laboratory both electrical and force
measurements would be very valuable. At MIC various cantilever chips have been
developed that might be useful for such measurements. These are described in Sect.
2.2.2 followed by a description of the actuation systems used for the manipulation
systems in this work.

2.2.1 Manipulation Tools

The manipulation techniques not involving grippers/tweezers can be divided in meth-
ods for moving and methods for fixing objects. A wealth of techniques are available
for handling of samples under ambient and liquid conditions, such as micropipettes
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and optical tweezers [50], but these are beyond the scope of this work where the focus
is on SEM compatible methods.

SEM Compatible Manipulation Methods

• Tip manipulation: Sharp tips such as AFM tips [51][52] or STM tips [53] have
been used to manipulate carbon nanotubes onto microchips. Nanotubes have
also been attached to existing AFM cantilever tips to make higher aspect ratio
AFM tips or for measurements of the mechanical properties of the nanotubes
[54][52]. In ambient conditions, we have used etched tungsten tips to move
nanotubes onto microcantilevers by the naturally present adhesion forces, which
are mainly capillary forces (See Sect. 5.3). For in-situ SEM manipulation,
our experience, as well as the published results [51][52][53], show that the tip
manipulation technique usually requires some sort of soldering or gluing method
to attach the nanotubes to the tips (see below). Tungsten STM tips with coarse
micrometer-sized apices are easily etched from cheap tungsten wire in a few
minutes [55] making them favorable for many applications, since they are much
cheaper than any probe made by microfabrication.

• Electrostatic attraction: By applying a voltage to a metallic tip coated in a thin
insulating layer, electrostatic attraction can be used to move objects around.
Tsuchiya et al. built a small sub-millimeter model of a house with prefabricated
thin-film elements by this technique [35].

• Dielectrophoresis: Application of an alternating electrical field between two
electrodes has mainly been used to attract or repel carbon nanotubes in solution,
but can also be used to move nanoobjects in vacuum [56].

Methods for fixing objects

Micrometer and nanoscale objects can be fastened by several methods. Some method
for fixing the object can be required to pick up an object by in-situ SEM tip manip-
ulation and particularly to fix it when placing it again.

• Glue: Kim et al. and other have used acrylic glue to attach nanotubes to AFM
tips and micropipettes [38].

• Electron beam deposition: EBD may be used in situ to “solder” the nan-
otube/nanowire onto the desired location and thereby increase the surface ad-
hesion [53].

• Laser soldering: A focused laser beam has been used to melt materials locally
to solder micro objects [35].
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2.2. TOOLS FOR NANOMANIPULATION

• Thermal soldering: Electro-thermal heating could be used to fix the objects,
like the laser soldering. Grippers have been developed with interchangeable
end-e ectors fixed to the actuator by thermally activated glue [57].

2.2.2 Characterization Tools

Several of the microcantilever structures that were developed at MIC at the beginning
of the NanoHand project can be as tools in the in-situ SEM setup for characterizing
nanostructures. Microfabricated conductance probes which have been extensively
used in this project are described below. In addition, a short description is given of
piezoresistive cantilever (PRC) force sensors which seem to be potentially useful for
measuring the mechanical properties of nanostructures in the in-situ SEM setup.

Conductance Probes

Probes for measuring surface conductivity on the micrometer scale by microfabricated
cantilevers had prior to this project bee developed by researchers at MIC [58]. The
conductance probes are now commercially available from the company Capres A/S
[59]. The process for making the conductance probes is briefly described in Ref.
[60], while Ref. [58] provides an detailed discussion. The process was also used to
make the electrostatic grippers (Chapter 3), the chips nanotubes were soldered to
(Chapter 4), as well as the conductance probes and the TEM-chips used for electrical
measurements on carbon nanotubes (Chapter 5). The most essential step in the
fabrication process to consider for the present work, is the anisotropic gold coating
of the under-etched cantilever electrodes. The gold coating on the chip is shown in
Fig 2.4 together with a SEM image of such a probe contacting a nanowire in the
in-situ SEM setup. The gold coating on the sidewalls of the cantilevers can vary in
thickness and uniformity from device to device. The total resistance including leads
and contact resistance of one cantilever electrode to a gold surface is usually about
90 .

PRC Force Sensors

The BioProbe group at MIC had developed piezoresistive cantilevers (PRC), initially
intended for AFM measurements, and later re-designed to make cantilever probes for
biochemical experiments with surface coatings [61][62]. The PRC probes are poten-
tially useful for measuring forces in the nanomanipulation setup. SEM compatible
AFM systems are available, but expensive and cumbersome to operate. The PRCs
o er a convenient way to do force measurements, requiring only electrical connections
and an actuator to position it. Unlike a conventional AFM, the PRC probe can easily
be rotated or mounted to measure on three-dimensional structures in the SEM.
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Figure 2.4: The conductance probes. a) By microfabrication processes [58], a SiO2 cantilever array
system is made. b) The cantilevers are underetched by isotropic RIE and metallized by anisotropic
metal deposition (usually 10 nm Ti / 100 nm Au). The underetch prevents the cantilevers from
short-circuiting. Depending on the RIE conditions, the cantilever sidewalls will be slightly inclined
and to some extent become metallized as well. c) SEM image of such a probe contacting InP
nanowires in the in-situ SEM setup. The darker of the cantilevers is positively biased with 20 V.

The individual PRC probes are not well calibrated for precise measurements of
forces. Each PRC probe could be calibrated by measuring it response when pressed
against cantilevers with well-known properties. For a good calibration, several can-
tilevers with a well defined geometry and material properties were needed, and this
can easily be tested by measuring the resonance frequency of the cantilever. Vari-
ous standard AFM cantilevers were acquired to be used as a calibration standards.
Unfortunately, the AFM cantilevers turned out to have poorly defined resonance
frequencies and rather variable thickness. To solve this problem, I designed a chip
called the "Xylophone" which has cantilevers of various lengths and width, fabricated
by the standard four point process without the metallization step. Such Xylophone
cantilevers generally had fundamental and 1st harmonic resonance frequencies within
a few percent of the values predicted from the physical properties of 2 and the
geometry as measured in the SEM. Though the xylophones seem to be appropriate for
calibrating the PRCs, the system has not been extensively tested, and has not been
used for the work presented in this thesis. It is planned to continue this work and cre-
ate a calibrated PRC setup for nanomanipulation, which could be a very useful tool
in the in-situ SEM setup for measuring the mechanical properties of nanostructures.

2.2.3 Actuation Systems for In-situ Nanomanipulation

For in-situ nanomanipulation, a tool and a sample will have to be positioned in the
region with optimal SEM resolution, and then to be moved with a su ciently high
precision over a range large enough to accomplish the required manipulation task.
For the present experiments, the required precision is of the order . 100 nm, since
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PRC ‘Xylophone’

Figure 2.5: a) The piezoresistive cantilever (PRC) developed by the Bioprobe group (image from
[61]). b) The "Xylophone" for calibration of the PRC.

that is a fraction of the gaps between the cantilevers made by the four point process
(grippers or conductance probes) and also the typical diameter of the nanowires.
The required actuation range must be judged from the individual task, but several
millimeters is a minimum requirement for systems that must be mounted in a SEM
without excessive demands on the mounting alignment.
For AFM and STM systems, it is normally essential to avoid both drift and

vibrations in the system. In the present systems, the direct user control and fast
frame rate makes drift a less critical issue than in STM and AFM, while vibrations
can severely reduce the e ective resolution. An e ective measure to reduce both drift
and vibrations is to mount everything with screws and use very thin and flexible wires
for electrical connections (such as Litz wires).
Two actuation units are required, one for the tool and one for the sample. The

stage in most SEMs is often of such high quality that it can be used as one of the
actuation units. The stage often also provides more than x, y and z in the degrees
of freedom, which gives extra flexibility when designing the setup. The SEM stages
will be mentioned along with the appropriate setups in the following section. The
actuation units do not have to be equally good. One can be slow and coarse, and
used for slowly bringing either the sample or tool into the imaging region so it can
be accessed. To avoid time-consuming sessions and wasted SEM time, at least one of
the manipulators should be able to move fast, precisely, reliably, and with intuitive
control through the user interface.
The second manipulation unit will have to be inserted into the sample chamber.

Since it must be SEM compatible it should have non-magnetic elements and low
outgassing rates. Piezoactuatated slip-stick drives seem to fulfill the requirements
well [63] and several systems are available commercially [64][65]. The slip-stick drive
principle is explained in Fig 2.6. For fine positioning, DC voltages are applied to the
piezo element, which makes the actuator move within the range of the piezo element
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Figure 2.6: Two use either a coarse or fine positioning method is natural. a) Coarse positioning
provides long range but low precision, while fine positioning (b) provides high precision and short
range. (adapted from [63] and Garfield by Jim Davies). c) The slip stick principle: Slow actuation of
the piezo element leads to fine positioning. A combination of rapid contraction and slow extension
can make the actuator move in coarse steps because the force on the base becomes larger than
the static friction force between the base and base plate. Reversing the direction is done by using
slow contractions instead.

(usually of the order 1 m).3

Before the project was initiated three NanoMotor units from Klocke NanoTechnik
[64] was acquired for the actuation system. The NanoMotor setup consists of three
linear actuators mounted to provide x,y, and z actuation with a range of 20 mm on
each axis. The actuators units are based on the slip-stick principle [67][68]. The
e ective precision of the system is highly dependent on the vibration level in the
setup. In the SEM at MIC, which is placed inside the cleanroom facility, the observed
vibrations were often considerable (of the order 10-30 nm). I built the three units
into the system shown in Fig 2.7a with protective plates that made handling it easier
and safer.
By the end of the project, while working at AMiR at Oldenbrug University toge-

ther with Axel Kortschack and Thomas Wich, we tried using the actuation system
developed by Axel Kortschack [66]. The system is colloquially called R2-D2, since it
is able to move in x-y and rotate when placed on a supporting plate. The R2D2 unit

3To achieve a longer range of fine positioning, I designed a 2-degree-of-freedom actuation system
based on mulitlayer piezo-benders with a finepositioning range of about 100-300 m and circular
coarse positioning range within a radius of about 10 cm. The system is based on a rotational slip-
stick principle and performed well in both ambient and SEM conditions. This project is however
beyond the scope of this report.
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Figure 2.7: Actuation systems. a) The "NanoMotor" setup. Three Klocke Nanomotor units are
mounted in xyz configuration giving a range of 20 mm in all axes. The nanomotor has been mounted
within protective plates that serve as convenient breadboards for fixing plugs and wires. b) The
R2D2 unit developed by Axel Kortschack [66]. When placed on a planar support in can move in xy
and rotate as indicated.

is shown in Fig 2.7b. Unlike the nanomotor system that has to be mounted on a rod
and has a limited range of actuation, the R2-D2 can move as far as the supporting
plate reaches. The ability to rotate makes it possible to mount many probes that ex-
tend over the edge of the unit, and the required tool can then be selected by rotating
the unit. The limited range of the nanomotor makes it di cult to mount even two
probes simultaneously. Since the R2-D2 unit cannot adjust the height in its present
configuration, this must be accomplished by the sample holder.

2.2.4 Summary

Alternatives to nanomanipulation with grippers were briefly presented. Then the
microcantilever tools developed at MIC prior to the project start, that could find
applications for characterization of nanostructure in the in-situ SEM setup were de-
scribed: The conductance probes and force sensing PRC. Two actuation systems were
used for in-situ nanomanipulation together with the SEM sample stages. Both sys-
tems relied on piezo driven slip-stick actuation and were capable of moving with sub
micrometer precision and low levels of vibration. The nanomotor has a range of 20
mm in each of the x,y, and z axis and hold on or two tools. On the other hand, the
R2-D2 can move in x and y only limited by the supporting surface and has the ability
to rotate which makes it possible to change between several tools mounted on the
R2-D2.
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2.3 Developed Nanomanipulation Systems

In this section the optical manipulation systems are described, followed by the SEM
systems and finally the TEM-chip system.
The use of microfabricated tools increases the cost and complexity of the indivi-

dual tool or probe, such as the conductance probes compared to using etched tungsten
tips (STM tips). But this apparent increase in complexity of the tool leads to a con-
siderable reduction in the requirements on the manipulation system. If for instance
four point measurements of conductance should be accomplished with tungsten tips,
it would probably require four independent -manipulators [69]. Such a setup
would be very sensitive to drift and vibrations and probably very time consuming to
operate. By using a single conductance probe, such measurements can be achieve by
a single -manipulator. The microgripper and PRC are likewise chips that only
require one manipulator to function. This makes it necessary to have two manipulat-
ors in our nanomanipulation systems: one for the tool and one for the sample, since
both will have to be moved into the focus region of the microscope with micrometer
precision.

2.3.1 Optical Manipulation Station

The in-situ SEM systems o er the high resolution, but an having access to an optical
manipulation system in ambient conditions gives definite advantages:

• Much easier to access, since the equipment does not have to be SEM compatible
or cleaned to prevent outgassing.

• Manipulation can be done by simple and cheap mechanical xyz-stages rather
than expensive remote controlled in-situ systems.

• It can often be used for preparing samples, test devices and testing systems
before they are inserted into the SEM.

A dedicated optical manipulation setup can hence often complement the in-situ
system in many ways. Since the objects are often smaller than the di raction limit
(Eq. 2.1), a single nanowire will appear as a slightly blurred rod-shaped object. By
manipulating the object it will often become clear if more wires are present. To
achieve as high resolution as possible, the numerical aperture of the objective has to
be large. This often means a short In the laboratory we had good experience with
a Mitutoyo objective with a 13 mm This is substantially larger than the standard
objectives for the available Zeiss microscopes (1.3 - 5 mm). Peter Bøggild in 2001
constructed a "4 point probe station" with such an objective lens system connected
to a video camera and Labview controlled frame grabber. Apart from scanning con-
ductance measurements, the station turned out to be very suitable for manipulation
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2.3. DEVELOPED NANOMANIPULATION SYSTEMS

of sub-micron objects. Jakob Kjelstrup-Hansen and I built a comparable system, but
with the possibility to control the atmosphere since the humidity turned out to be
an important factor when doing manipulation in ambient conditions (see sect 5.3.1).
The main source of vibrations in a setup are caused by the operator physically

touching the setup. To reduce the vibration level during manipulation, Burleigh
micromanipulator stages were used. The position is coarse adjusted manually by
micrometer screws, while fine positioning is actuated by piezo elements driven by an
external control to avoid touching the setup (with a range of 75 m). These setups
have proven very useful for preparing probes with nanotubes on micrometer wide
cantilevers, such as those used in chapter 5.
In addition to these dedicated manipulation stations, a standard Zeiss Axiotech

microscope has been used to do many sample preparation tasks. The working dis-
tance is 1.3 mm, so the manipulation setup will have to be carefully designed to be
useful with such limited space. Most of the TEM-Chips discussed in Chapter 5 were
prepared under the Zeiss microscope, using a standard probe station stage (Quater
XYZ-300) to move the tool (an etched tungsten tip).

2.3.2 In-situ SEM Systems

The main issues to consider when building an in-situ nanomanipulation setup is de-
scribed in Sect. 2.1.2 and Sect 2.2.3. The in-situ nanomanipulation systems were
developed during 2001-2004, for solving various tasks and using the available elec-
tron microscopes for those task. The following section describes each system and the
advantages and disadvantages as we have experienced them. The summary concludes
the general features and issues to consider when designing an in-situ nanomanipula-
tion system.

MIC-SEM (High vacuum)

Images of the setup built for the LEO 1550 FEG SEM are shown in Figure 2.8. The
stage of the Leo-1550 is of outstanding quality for nanomanipulation. The joystick
control is intuitive and compensates for the magnification of the image, which makes
it easy to control the stage even at the highest resolution. The stage is actuated by
small electromotors and spring loaded clogs. The stage makes it possible to mount
a large holder with many samples, so new probes and samples can be brought into
view by rotating the stage. This saves time by avoiding venting and pumping to
change samples. Manipulation is often easier to do by using the stage rather than
the NanoMotor. The SEM has an in-lens detector,which makes it possible to work
at very short 2 3 mm.
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Figure 2.8: The setup in the MIC-SEM. The nanomotor and LEO sample stage are both mounted
on the SEM door for easy access. The stage can move in , rotate and tilt . a) The "NanoLab"
is mounted on the stage with several di erent tools and samples fixed on the edge, so they can be
rotated into contact with the probes on the nanomotor. b) Chamber scope view of the setup. c)
Schematic view of the setup. The tilt of the NanoLab gives ample space for the detectors while
ensuring a short . One or two tools can usually be mounted on the NanoMotor.

HT-ESEM (controlled atmosphere)

The Philips XL-30 FEG environmental SEM (ESEM) makes it possible to do SEM,
while gasses with pressure in the range 0.1-10 Torr are present in the sample chamber
[70]. The resolution is somewhat limited in environmental mode due to scattering in
the gas [71]. The stage is controlled by the user interface of the SEM control program.
The stage was usually positioned as required and the manipulation was done by the
NanoMotor. The environmental mode makes the ESEM interesting for studying
the di erence between manipulation in ambient conditions and in vacuum, but in
this work the focus is on electron beam deposition under environmental conditions
(chapter 4).

AMiR-SEM

The Zeiss DSM 950 electron microscope at AMiR, Oldenburg, was equipped with
a W-filament, which limited the resolution somewhat compared to the above FEG
SEMs. For high frame rates and moderate resolution, the W-filament source has an
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Figure 2.9: View of the ESEM setup from the chamber scope. The nanomotor is in the back
holding a horizontal probe towards the ESEM nanolab in the front.

advantage since it can give higher beam currents than the FEG. This made the setup
useful for live video recording of manipulation experiments with a reasonable frame
rate and signal-to-noise ratio. For high resolution imaging an attached scan system
[72] could improve the resolution considerably.
The stage was controlled manually by micrometer screws. After some adjustments

and cleaning, it turned out to be highly reliable and intuitive to use. In fact it was to
some extent easier than the joystick controlled Kleindieck manipulator also tested in
the setup, and the nanomotor used in the other SEM setups. For the pick-and-place
operations presented in chapter 3, the R2-D2 unit was used. The software for that
device is still under development, so it was mainly used for bringing the probe into
the imaging region, so the manual stage could be used to carry out the manipulation
tasks.

2.3.3 The TEM-Chip system

Despite the superior resolution, the very narrow sample space of a TEM has so
far limited the possibilities for in-situ TEM nanomanipulation in practice. AFM
and STM systems are commercially available from companies such as Nanofactory
Instruments [49]. In this project I have designed microfabricated cantilever electrode
chips compatible with both standard TEM probe holders and a custom made in-situ
probe holder with electrical connections. In this TEM-chip system, nanostructures
can ex-situ be manipulated onto the chips, for then ex- or in-situ to be subjected to
electrical or mechanical experiments. The changes taking place in the nanostructure
can then be followed by TEM analysis between or during the experiments.
The cantilever chips were fabricated by the conductance probe process (Fig 2.4)
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Figure 2.10: The AMiR-SEM setup.The whole system is mounted on the door (1) for easy access
when the chamber is open. A small camera (2) was built in with IR-LEDs for illumination, to provide
an overview image of the chamber. Electrical connections from the feedthrough were distributed
to the system from a plug securely fixed on the door (3). The original manually controlled sample
stage (4) was used for the sample (6) which could move in xyz, rotate and tilt. A piezo and Peltier
temperature controlled source for EBD was mounted behind the stage (5). A large platform (10)
was supporting the R2-D2 (9) which had several di erent tools extending over the edge, such as a
gripper (7) and PRC mounted in a piezo-bender (8).

and made to fit into a standard TEM sample holder (Outer Ø 3 mm). To reduce
the risk of loosing a probe in the TEM, they were glued to a 0.5x2 mm slot nickel
TEM grid (standard Cu grids were too soft to sustain prolonged use).
The system can be compared to the thin film TEM grids by Kasumov et al. [73].

Kasumov uses FIB to make a sub-micron gap in a Si3N4 thin film on a TEM grid
with a metal coating reaching the edge of the slit. Nanotubes are dispersed onto
the device until contact is achieved, and in this way measurements on individual
nanotubes can be made. The TEM-Chips system appear to o er more possibilities
in terms of varying the design of the cantilevers, to make for instance multi-point
conductance measurements. Batch microfabrication also seems preferable to expens-
ive FIB treatment of individual devices. The present use of optical manipulation
equipment for placing nanotubes on the TEM-Chips, make it easier to ensure that
the electrical measurements are done on one specific tube than if tubes were just
dispersed onto the device.
Kasumov et al. [73] did measurements down to 100 K on their samples. Only
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Figure 2.11: The TEM-chip system. a) Chips were developed to fit directly into a standard TEM
probe holder. For easy handling, the chips were glued to a standard Ni-TEM grid (Ø 3mm). b) In
some TEM probe holders there is also space to use the larger chips with the standard layout used for
the conductance probe process (Fig. 2.4), when glued to a TEM grid. c) For electrical measurements,
I constructed a mobile probe station with two xyz-stages to contact the chips electrically with metal
needles. The TEM probe holder could be inserted directly into the probe station without touching
the TEM chip.

one TEM-chip has been tested at cryogenic temperatures and contact was lost at
150 K. Such measurements are often essential to understand the electrical properties
of a devices and further experiments are planned to improve the reliability of the
cryogenic contact in the TEM-Chip device.
Another comparable device is the micromachined grippers made by Hashiguchi et

al. [74], which have been used to retrieve DNA from solutions by dielectrophoresis,
for then to analyse the DNA in TEM.
The TEM beam is intense and can dissipate up to mW’s of power. The silicon

based probes can therefore be heated considerably up in the TEM. The cantilevers
should be as short as possible to avoid bending during heating due to the di erent
thermal expansion coe cients of the SiO2 and metal coating. For electrical measure-
ments during manipulation or between TEM investigations, either a probe station or
wire bonds can be used to contact the chip. To quickly contact the device for repro-
ducible and reliable electrical measurements between TEM analysis (see Chapter 5),
a small portable probe station was constructed, where electrical measurements could
be made on the TEM-Chips without removing them from the standard TEM probe
holders.

The In-Situ TEM probe holder

Although no direct nanomanipulation system has been made for the TEM in this
project, the microfabricated grippers could in principle be used to stress or bend a
nanowire placed across the gripper gap. To do such an experiment in-situ, electrical
connections are needed to the chip in the TEM. I constructed a probe holder were in-
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situ electrical contact to the chips can be made by wedge bonding wires between the
chip and holder. It has been tested and approved for use in the TEM. It is planned
to do in-situ shell-burn experiments on carbon nanotubes with this probe, as those
done under ambient conditions in chapter 5, to follow the process in detail when done
in vacuum. In-situ electrical contact to the probes also open up new experimental
possibilities, such as actuating grippers to deform structures bridging the gripper gap
and follow the changes in their structure and electrical properties.

2.3.4 Conclusion

In the SEM, a short will usually provide high resolution and limit the drift due to
stray fields, which is important for these setups with many electrically driven devices.
It is also important to leave enough space open for the detector to work e ciently
and prepare the setup so samples are angled correctly in relation to the detectors.
The other factors described Sect. 2.1.2 and Sect 2.2.3 are also worth keeping in mind
while designing a setup.
Using microfabricated tools for nanomanipulation and characterization, requires

at least two manipulation units: one to move the tool and one to move the sample.
Several in-situ SEM manipulation setups were developed to solve the di erent tasks
in chapter 3, 4 and 5.
For high resolution imaging and electrical characterization of nanotubes and

nanowires, the "TEM-Chip" system was developed. Chips with microfabricated can-
tilever electrodes were made, fitting into both standard TEM probe holders and into
a dedicated probe holder for the TEM-chip system, where electrical connects are
available for in-situ TEM experiments.
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Chapter 3

In-situ SEM Pick-and-place
Nanomanipulation

This chapter will present the design of microfabricated grippers and their use for
pick-and-place nanomanipulation of nanowires. The grippers were designed to pick
a nanowire up from a suitably prepared substrate, move it to the target sample and
release it at a well-defined position. Such grippers could find applications not only
for making prototype nanowire devices, but also for handling microscope samples in
general. Micromanipulation is a mature field in micro-biology for manipulation of
cells and other micrometer-sized objects. Electrostatic grippers and nanotweezers
have been used in ambient and liquid conditions, as demonstrated by the DNA ma-
nipulation by Watanabe et al. [75] and gripper cell-manipulation by Jericho et al.
[76]. It is plausible that gripping tools could become useful even for liquid applic-
ations. The focus in this work is on in-situ SEM manipulation, where an obvious
manipulation application is handling of TEM samples, such as TEM lamella (also
called TEM coupons) or nanowires/tubes and related heterostructures. These TEM
samples are usually fabricated on surfaces of wafers and cannot readily be inserted
in TEM for analysis. As discussed in Sec. 2.1, the TEM samples have a thickness of
the order 100 nm. The TEM lamella are usually some micrometers wide and long,
while the nanowires generally have diameters between 10-100 nm and lengths of the
order a few m. Hence micrometer scale end-e ectors are required on the grippers
to handle such samples. Examples of manipulation of nanowire TEM samples with
grippers will be examined at the end of this chapter. In order to place a grabbed
object at the target position, it might be required to use electron beam deposition or
some other means for to fasten it (see Sect. 2.2.1 and Chapter 4).
The first section will give a brief literature review of various grippers and the fun-

damental design considerations for the present project, such as choice of electrostatic
and electrothermal actuation principles, which are related to the choice of micro-
fabrication processes. Section 3.2 investigates the main strategies for pick-and-place
operations to identify the optimal methods for grabbing a nanowire object as well as
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3.1. GRIPPERS FOR MICRO- & NANOMANIPULATION

the requirements of the grippers in terms of gripping force and the significance of the
spring constant of the gripper arm. Section 3.3 describes the design of electrostatic-
ally actuated grippers and characterization of the fabricated devices. In section 3.4 a
description is given of how the electrostatic grippers were used for in-situ SEM nano-
manipulation with successful pick-and-place operations of silicon nanowires. Results
comparable to those described in this chapter are presented in the included article
[6]: "Towards Pick-and-place Nanomanipulation".
However, the design of the electrostatic grippers however have some inherent

limitations, and the final section is a review of the results presented in the included
paper [1] "Electro-thermally actuated microgrippers with integrated force feedback".
The article describes the design and test of grippers which not only provide higher
gripping forces but also provide a feedback signal to estimate the applied gripping
force.

3.1 Grippers for Micro- & Nanomanipulation

Several research groups have been developing grippers for micromanipulation over
the last years. Grippers have also become commercially available from the compan-
ies Nascatec and Zyvex (from October 2003) by the end of the Nanohand project.
In literature, the terms microgripper and micromanipulation cover several orders of
magnitude in terms of the scale of the grippers, as well as the objects to be manip-
ulated by the grippers, from the millimeter to sub-micrometer range. In this thesis,
the term grippers will be used for all microfabricated devices. The grippers can be
refined to what will be termed nanotweezers, if tips with sub-micron diameters are
made by either attaching/growing additional structures, such as carbon nanotubes,
or by electron beam deposition (EBD, see Chapter 4).
Grippers are based on a variety of actuation principles:

• Electrostatic: Hinged or flexible actuator electrodes are electrostatically attrac-
ted to driver electrodes when a bias voltage is applied between them. The
structures can be shaped as long thin cantilevers (such as the Nanohand grip-
pers in Fig. 3.1a) or as more complex systems such as the large comb-drive
structures used for actuation of the Nasqatec grippers in Fig. 3.1b.

• Electro-thermal: Actuation can be achieved by heating a part of a flexible
structure relative to another part by passing a current through it. The principle
is used in the Zyvex grippers in Fig 3.1c with a "traditional" two beam actuator
design. Jonsmann et al. [77] have also developed thermal actuator designs based
on a topology optimization algorithm, which calculates the optimal design for
a specific set of device specifications. Figure 3.1d shows an example of one of
the resulting complex optimized designs for an x-y actuator.
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Figure 3.1: Representative grippers based on electrostatic and electro-thermal actuation principles.
A simple electrostatic actuator consists of a flexible cantilever that can be electrostatically attracted
to a nearby electrode by applying a bias voltage between the two. a) A typical electrostatic actuator
developed in this project with a 1 × 1 m cantilever cross-section. Such devices are discussed in
Sect. 3.3.2. b) Images of the commercially available Nascatec gripper (Image from Nascatec.com).
The gripper arm is about 1 mm long and actuated by a large electrostatic comb drive on the chip
surface. c) Electro-thermal actuator from Zyvex (Image from Zyvex.com). The gripper length is
about 1 mm. Passing a current through the structure heats the thin beam to a higher temperature
than the wide beam, resulting in actuation due to the di erence in thermal expansion. A variation
of this design is the basis for the electro-thermal actuators discussed in Sect. 3.5. d) Electro-thermal
actuators have also been designed by a topology optimization algorithm to improve the actuation
range and applicable force [77].

• Piezoelectric: Piezoceramic elements are di cult to miniaturize, but grippers
have been microfabricated with an attached millimeter-sized piezo element for
actuation [76].

• Bimetallic or shape memory alloy: By heating a cantilever consisting of two
material layers with di erent thermal expansion coe cients, the cantilever will
bend and close the gripper gap [78]. Another possibility for thermal actuation
is using shape memory alloys (SMA) [79].

The typical characteristics of several grippers are listed in the table below, includ-
ing typical devices made in this project at the bottom.
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Actuation
Length

( m)
Gap

( m)
Actuation

( m/arm)
Force

( N)
Reference

Electro-thermal 1000 10-500 25 550 Zyvex model BB

Electro-thermal 1000 7-18 8 210 Zyvex model SM

Electro-thermal 500 ? 30 15000 [77]

SMA 3900 1000 180 17000 [79]

Bimetal 1500 ? 200 250 [78]

Electrostatic 1200 150 ? ? Nascatec

Electrostatic 500 10 10 0.013 [80]

Nanotwewzer 10 2 1 0.01 [38]

Electrostatic 100 2 1 1 This work

Electro-Thermal 100 2 1 10 This work

0 V 4.5 V

1 m

a b c

2 m

2 m1 m

d

Figure 3.2: Examples of carbon nanotube nanotweezers. a,b) Akita et al. [81] divided an AFM
tip by FIB and attached nanotubes to make a pair of nanotweezers that close at 4.5 . c,d)
Kim et al. [38] deposited two gold electrodes on a tapered micropipette and then attached carbon
nanotubes. The pair of nanotweezers closes at about 10 . The device was used for grabbing di erent
nanomaterials, as shown by the optical image in (d) and for measuring the electrical properties of
the grabbed objects. SEM inspection however showed that often several particles were grabbed.
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3.1.1 Nanotweezers

Kim et al. [38] produced nanotweezers by attaching nanotubes to a micropipette
with two gold electrodes on the side. The tweezers gap could be closed by applying
a voltage of about 10 V. Once closed, the nanotubes would adhere to each other, but
the tweezers could be reopened by applying the same potential to both nanotubes
relative to a nearby surface. The gripping force was estimated to be >10 pN. The
tweezers were used to pick up nanoobjects such as polystyrene nanospheres and GaAs
nanowires. The tweezers could then be used to measure the two-point conductance of
the grabbed objects. The operations were performed under ambient conditions in an
optical microscope. A later SEM analysis showed that the objects picked up under
the optical microscope often turned out to consist of several adhering particles.
Later Watanabe et al.[75] used such nanotweezers to contact DNA and carbon

nanotube rings for electrical measurements while imaging with an AFM. To control
the adhesion of the tips to the sample and substrate, they used di erent resonance
frequencies to excite vibrations in di erent directions and parts of the nanotweezers.
In this way they were able to grab, move and release DNA samples.
Another method for making carbon nanotube nanotweezers was demonstrated by

Akita et al.[81]. Focused Ion Beam (FIB) milling was used to divide a conducting
AFM tip in two halves with each their separate electrical contact. Carbon nanotubes
were attached by electron beam deposition and the device could be opened and closed
as the device by Kim et al. [38].

3.1.2 Choosing the Actuation Principle

The carbon nanotube based nanotweezers by Kim et al. [38] demonstrated the feas-
ibility of nanomanipulation using tweezers. It seems desirable to be able to batch
fabricate the grippers or tweezers if they are to be used often, rather than make each
device individually. Using carbon nanotubes as tweezers’ tips, where the actuation
voltage is applied to the tubes can be problematic since the actuation voltage will
be applied directly to the grabbed object. Many nanoscale objects cannot sustain
bias voltages of the order of several Volts. In addition, electrical measurements of
the grabbed object will influence the force applied to the sample with unpredictable
e ects for contact resistance and the object properties.
For the Nanohand project we decided to develop microfabricated grippers. This

would ensure batch fabrication with a reasonable output of devices that can be used
with a minimum of preparation time for the individual gripper. The microfabrication
method also allows the design of more complex structures than what can be assembled
manually. For nanoscale manipulation tasks, the grippers would probably also have
to be microfabricated to achieve the necessary precision of the gripper end-e ector
that closes around the object, in terms of surface roughness and alignment.
By choosing electrostatically actuated grippers, it is possible to use indirect actu-
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ation, in the sense that the driving voltage is applied to static electrodes, while the
actuated electrodes can be grounded or used for electrical measurements independ-
ently of the driving voltage. Though electrothermally actuated grippers generally
appears to be capable of applying larger gripping forces, this actuation principle has
some disadvantages: In all designs of thermally actuated grippers it seems that a con-
siderable fraction of the driving voltage (due to the heating current) will be present
at the end-e ector and this will make indirect actuation di cult to achieve. The
increased end-e ector temperature will also influence the grabbed objects properties
such as its conductivity, and potentially also damage it. The electrostatic actuation
principle also made it possible to process the grippers together with the four point
probes by the existing microfabrication process the group was using already (see Sect.
2.2.2).

Development of a new microfabrication process and the processing of wafers are
very time consuming and being able to rely on established processes was a consid-
erable advantage. For research and test purposes where usually only a few devices
are needed, it is a clear advantage to be able to have a wide variety of probes on
a wafer and to be able to change the design often. As defined in the Nanohand
project description, the microfabricated grippers should be fabricated based on the
existing process used for making four point probes. This made it possible for us to
process wafers with devices for the entire Nanohand team and also collaborate with
the company CAPRES A/S on joint fabrication of wafers, which considerably eased
the fabrication workload. The main work in this thesis has hence been on electrostat-
ically actuated grippers microfabricated by the standard conductance probe process
(Fig 2.4).

For everyday handling of objects, force feedback is an essential requirement for
successful pick-and-place manipulation. Few grippers can today provide a gripping
force feedback signal. Millimeter-sized piezoresistive [78] and optical sensors [82]
have been attached to millimeter sized grippers to provide such feedback. However,
it seems that no microfabricated gripper structures, that have the precision required
to work with nanoscale materials, have been reported with force sensitivity. By
the end of the project a new process sequence developed by Ramona Mateiu was
used for processing solid metal cantilever devices [8]. This opened up the possibility
to make thermally actuated grippers as well, and I developed a gripper capable of
providing both higher forces than the electrostatic grippers but also capable of giving
a force feedback signal from the gripping force. The thermally actuated grippers are
described in the included article [1]. The choice between the two developed grippers
is hence depending on the limitations of the grabbed object in terms of temperature
and the measurements one would like to make on the object.

If smaller end-e ectors should be required for the manipulation tasks, it is possible
to add nanoscale tips to the microfabricated grippers end-e ectors to create indirectly
actuated nanotweezers. In this manner one could hope to achieve the full gripping
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force of the large actuator structure combined with the precision of the nano-scale
tips. Instead of attaching carbon nanotubes by gluing [38] or EBD [52], the EBD
method can be used to make the entire tip. The standard four point microfabrication
process also allowed gripper designs with gaps down to 1 m, which was suitable for
EBD of nanotweezers tips. The next chapter in this thesis describes our investigation
of EBD for such purposes.
It is instructive to remember the wealth of gripping tools in everyday life - from

the tiniest tweezer to hydraulic powered grippers. In this project a few gripper designs
are developed and tested. But success is highly dependent on the compatibility of the
gripper design with the manipulation task. Applying a tiny tweezers for heavy duty
work is not feasible in every day life - on the nanoscale we can attempt to avoid such
situations by making estimates of the forces involved, but many of the properties are
not well known and surprises must be expected for pick-and-place operations that
have never been done with such objects, grippers and conditions before. Sample
preparation must be expected to be a very important factor, in order to obtain
samples that are actually possible to release and pick up. The preparation of such
substrates and refinement of grippers designs to suit di erent types of substrates is a
continuing e ort, while this project mainly demonstrates that in-situ SEM pick—and-
place manipulation is actually possible.
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3.1.3 Summary

Grippers have been made by several research groups and companies, using a wide
variety of actuation principles and designs. Electrostatic nanotweezers have been
demonstrated, but only with actuation voltage applied to the tweezers tips which
can possibly interfere with measurements on the gripped object. In this project
the emphasis has been on developing an electrostatic microfabricated gripper with
indirect actuation, where the driving voltages is applied to static electrodes that
deflect the grounded actuator electrodes. Electro-thermally actuated grippers capable
of providing a force feedback signal of the gripping force were also developed.

3.2 Introduction to Pick-and-place Nanomanipu-
lation

In any pick-and-place operation, it is essential to control the balance between the
forces acting between the object and the surface, , and the forces acting
between the object and the tool, . When picking up an object, must over-
come , and when placing the object, the balance must be reversed. In everyday
life, the gravitational force is often an essential factor in the force balance, and is con-
veniently used to overcome when releasing a grabbed object. For nanoobjects,
the surface forces become much more important than gravitational force and this
makes control of the force balance di cult. To make an object start sliding along
a surface, the force applied to the object tangentially to the surface must be larger
than the static friction force. The static friction force is also termed "stiction" [83].
Because the static friction force usually is directly proportional to the gripping force
[83], it is a convenient way to control if the friction force is the major contrib-
utor to . Adhesion is another important e ect in manipulation, and relates to the
energy gained by bringing an object in contact with a surface. Ideally, the adhesive
forces do not a ect friction and stiction, because the contact area to the underlying
substrate is maintained when an object is sliding parallel to a surface, but the adhes-
ive forces are important if objects are being picked up from a surface. Overcoming
the contribution of the adhesion forces to is among the main challenges of
micro- and nanoscale pick-and-place manipulation.
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Figure 3.3: Samples and strategies for picking up a nanowire. Substrates with nanowires (a)
standing up from the substrate, (b) deposited on planar surface, or (c) extending over edges. Picking
nanowires can be done by pulling along (d) or sideways (e) to the axis of a standing wire. Wires
lying on substrates can be lifted perpendicularly to the substarte (f) or peeled (g). Wires extending
over an edge make it possible to use several strategies (h).
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3.2. INTRODUCTION TO PICK-AND-PLACE NANOMANIPULATION

3.2.1 Picking Strategies

There are several approaches to use a gripper for picking up a nanowire from a sub-
strate. Figure 3.3 shows some fundamental strategies depending on how the nanowire
is placed on the sample substrate (fig 3.3a-c). Di erent demands must be expected
on the gripper to complete the various pick-operations. Estimates will be presented
below for the required gripping force in the di erent cases, to facilitate suitable pre-
paration of nanowire substrates and optimal gripper designs for the chosen strategy.
The calculations are based on a "typical" silicon nanowire with a radius 0 =50
and a gripper with a two 1 m×1 m surfaces contacting the wire.

The Static Friction Force

The static friction force is the limiting factor that prevents the wire from sliding
through the gripper. Amontons law of friction also holds for many cases on the
nanoscale [83]. If the gripper and nanowire surfaces are assumed to be smooth, the
friction force, is proportional to the normal force, on the sliding interface,

= (3.1)

with representing either the static or dynamic friction coe cient. The static friction
coe cient of common bulk materials is in the range [0 1; 1]. A wider range of
values have in some cases been observed for nanoscale friction [83]. A conservative
estimate of the friction coe cient = 0 1 will be used for the present purposes.
The required gripping force is hence ten times the required force needed to pull the
nanowire to complete the pick operation. It must be remembered that a wide range
of e ects such as surface roughness, contamination, and charging of the nanowire and
gripper surfaces must be expected to have considerable and unpredictable influence
on this value.

Tensile gripping

When pulling a nanowire standing perpendicularly to the substrate in a direction
along the nanowire axis (fig 3.3d), the force required to break it is

= 2
0 (3.2)

The lowest yield stress, of either the substrate or nanowire should be used. For
silicon Si = 7 GPa, giving = 55 N for the nanowire. The force will have
to be applied through the static friction force between the gripper and the nanowire,
which then must be of the order = =0.5 N. The wire will maximally be
elongated by a few percent before breaking, so it will be apparent after retracting the
gripper a few percent of (Fig 3.3d), whether the gripper simply slides along the
wire or the applied force is su cient to break the wire.
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Figure 3.4: The mechanics of holding on to a nanowire. a) The nanowire can rotate and slide in
the xy-plane if the applied forces can overcome the static friction force. Applying forces to the wire
in the y-z plane can make the gripper twist out-of-plane open. b) For shear gripping, the applied
moment to the nanowire will make the gripper open. c) For low aspect ratio grippers, out-of-plane
twisting of the gripper can make it open up. It is possible that it can close in a out-of-plane-closed
manner.

Shear Gripping

By bending a wire it is possible to break it at the base where the strain is concentrated.
By "shear gripping" (Fig 3.3e), where the gripper moves parallel to the nanowire
substrate, the free-standing nanowire is bent in two points where the surface stress
is concentrated and eventually can reach the yield stress to make it break.
The flexure formula [84] gives the maximal stress as function of the bending

moment

max = (3.3)

where is the maximal distance from the beam neutral axis. For the circular
nanowire, = 0 the moment of inertia is =

4
0

4
and the moment is =

The force due to deflection can be calculated from the distance,
the gripper has moved the wire tip sideways and the spring constant of a clamped-

clamped wire = 3 4
3 The deflection max required for breaking the wire

becomes

max =
1

12
max

2

0
(3.4)

which for a nanowire with = 10 m and Yongs modulus of silicon =190
GPa gives max = 6 m To complete this operation, the gripper must be able to
apply the required moment max

max = max =
4

3
0 max (3.5)
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3.2. INTRODUCTION TO PICK-AND-PLACE NANOMANIPULATION

which in this case is 70 × 10 13 Nm. Applying such a moment requires to two
grippers to press the wire with a gripping force = max where is the
length of the gripper contact surface with the nanowire (Fig 3.4b). The required force
is = 7 N By shear gripping we have reduced the required force by almost an
order of magnitude compared to tensile gripping. However, if the wire does not point
directly along the gripper x-axis (Fig 3.4a), the forces are likely to cause the wire to
slide out of the gap in the process. If the wire is perpendicular to the gripper plane,
it can twist the gripper open as shown in Fig 3.4c. For a typical microfabricated
cantilever, the spring constant will be of the order 1 N/m giving a deflection of at
least 7 m when applying the moment. This is a large distance compared to the 1 m
×1 m surface area considered here, and the operation is likely to twist the gripper
open as shown in Fig. 3.4c. When twisting open, it is possible that the gripper close
around the wire in a twisted manner, which might change both the forces and the
adhesive and friction properties of the interface (Fig. 3.4d).

Lifting a Nanowire lying parallel to the substrate

When attempting to lift a nanowire up perpendicularly to the surface (Fig. 3.3f),
the adhesive forces must be overcome. The scenario requiring the maximal force is
when the entire wire must be lifted up simultaneously. The Van der Waals (VdW)
force per unit length of a cylindrical rod is [85]

=
0

8 2 5 2
(3.6)

with Hamaker constant, , which usually lies in the range 10 19-10 20 J For
the interface distance, the typical Lennard-Jones distance of about 0.2 nm can be
used [86] giving 2 per m length of nanowire.

An estimated VdW force for a rigid 10 m nanowire will be 20 N, requiring
a 200 N gripping force. If the wire has a su ciently low spring constant, the wire
end extending out of the gripper will tend to deflect and be peeled o as the wire
is lifted up. This, and if the wire is allowed to rotate in the gripper to release one
end first, will reduce the required force. The estimated force is also uncertain since
a wide variety of forces such as capillary and electrostatic forces can be expected to
influence the process. Another aspect to consider is the use of the gripper in close
contact with the surface. The gripper will have to have extremely sharp end-e ectors
to grab the thin wire, and also be placed so that it does not touch the surface, which
would make it di cult to actuate. The nanowires lying on surfaces hence seem to be
di cult to pick up.
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Peeling a Nanowire lying parallel to the substrate

A detailed discussion of peeling can be found in Kaelble [87]. If the wire is assumed
to be unable to slide or stretch, but able to bend, the force required to peel at an
angle to horizontal is given by

=
1 cos

(3.7)

where the adhesive peeling force, is the adhesion energy per unit length
of wire [85]

=
0

12 2 3 2
(3.8)

with the same constants as the VdW force above, this can be estimated to be
= 0 2 N or about 1 eV/nm The peeling force can be as low as half the

adhesive peeling force at =180 where the wire is peeled to make a U bend, but also
infinitely high if the peeling is attempted by simply pulling straight at the wire (since
it is assumed to be unable to slide).
If the wire is rigid and extending over the edge of the substrate, peeling at =90

can considerably reduce the required force to release the wire (Colloquially called
"mikado"-peeling in Fig. 3.3h). The required force to lift the rigid wire becomes (see
Fig. 3.3h)

=
2

2
(3.9)

If = 10 × = 10 m and the VdW force is as before, the force
becomes =0.1 N and the gripping force 1 N. Peeling seem to o er the lowest
requirements for gripping force of the possible picking strategies.

3.2.2 The Place Procedure

The place operation requires some specific steps when moving and placing an object.
The following will describe the steps together with the requirements they impose on
the gripper design based on the forces involved. A typical scenario would be to pick
up a nanowire from a prepared substrate to place it on either a microchip surface or
TEM grid for later TEM analysis.

• Moving: When gripped, the electrostatic forces due to charging in the SEM
can result in loss of the wire. The wire should be in electrical contact with
the grounded grippers to avoid excessive charging. The sample and target
substrates should both be well grounded. The manipulator should move from
the sample to target substrate with low vibration levels and frequencies, since
vibrations could excite a resonance in the grippers and result in loss of the
grabbed object [75].
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3.2. INTRODUCTION TO PICK-AND-PLACE NANOMANIPULATION

E-beam or Laser 
welding/soldering

Figure 3.5: Placing a nanowire. a) In the energetically unfavorable position at some angle to the
surface, EBD or some other method is required to fix the wire. b) If the wire should end up lying
on the surface, the surface forces should make it adhere strongly.

• Releasing: Depending on how the wire should be placed on the target substrate
di erent methods seem necessary to complete the operation: If the placed wire
should end up standing perpendicularly to the substrate, as in fig 3.5, the
energetically unfavorable position will makes it necessary to fix the wire to the
substrate with the correct angle to the substrate to avoid it ending up lying on
the substrate. The gluing methods reviewed in Sect 2.2.1 could probably be
used as well. Using electron beam deposition to solder nanotubes is described
in Chapter 4. Preparing the substrate with narrow holes, or edges the nanowire
could adhere to, should also increase the success rate for such an operation. If
the wire is to be placed on a surface as in fig 3.5, the surface forces should be
capable of holding it in place during release, provided the surface has a high
adhesion energy to the wire compared to the gripper surface. This should be
achieved in most cases since the free length of the wire can be much longer than
the gripped part. If the wire is being placed on conducting electrodes, applying
a bias voltage might assist in placing the wire successfully.

Summary

The forces required to complete the pick-up operation in vacuum with nanowires by
di erent picking-strategies were examined. Peeling of nanowires extending over the
edge of the substrate surface seems to be the method giving the lowest requirement
on the gripping force the gripper should be able to apply, which should be of the
order 1 N for the given example.
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3.3 Electrostatic Tweezers

The microfabrication of electrostatic grippers with the standard conductance probe
process (Fig 2.4) defines certain limitations to the design and applicable voltage which
are reviewed below. Then the basic design is presented and a simple model for the
actuation is examined. The simple model was compared to finite-element simulations
to evaluate its precision and the model and simulations were used as guides for de-
veloping the gripper design. Finally the model and simulation to measurements of
real devices are compared and the device reliability is discussed. The analysis and
characterization focusses on the actuation as function of bias voltage, which can be
easily measured in an optical microscope. The gripping force is also an important
factor, which will be estimated at the end of this section.

3.3.1 Processing Limits

The cantilever chips are fabricated by the process briefly described in Ref. [60] while
a detailed discussion of the limitations can be found in Ref. [58]. The cantilever
structures, as seen in Figure 3.6, are etched from a 1 m thick silicon oxide layer and
covered with a thin layer of metal (typically 100 Å Ti/800 Å Au). The gold covers
the sides of the cantilevers to some extent. The sidewall gold covering can vary from
wafer to wafer, but will be assumed to be uniform and conductive in the following.
The process requirements and limitations influence the design of the devices. The
cantilever chips can usually withstand voltages up to 30 V. Ideally, process allows
any planar multielectrode geometry with a line width down to 750 nm and cantilever
lengths up to about 100 m. Such limitations seemed reasonable for fabricating
grippers since the aspect ratio (ratio of cantilever thickness to width, ) can be
larger than one, making the tweezers more flexible for in-plane bending for closing the
gap than out-of-plane bending (Fig 3.4c). However, such narrow line width processing
pushes the available UV-lithography technology to the very limit [58]. With time it
became apparent that the yield of devices matching these specifications was limited.
Eventually we had to increase the minimum line width to 2 m to ensure successful
fabrication. The increased line width gives a lower aspect ratio and is not optimal for
gripper structures, as they will easily bend out of the plane compared to the in-plane
actuation (Fig. 3.4c). The processing of the wafers has been done by laboratory
technicians, Maria Dimaki, and in the beginning of the project also in collaboration
with the company CAPRES A/S.
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3.3. ELECTROSTATIC TWEEZERS

3.3.2 Modelling the Gripper Design

To achieve indirect actuation, a typical gripper consists of three to five cantilevers.
Figure 3.6 shows a SEM image of a typical five-electrode gripper chip with two long
thin and flexible gripper arms and three wide and rigid driver electrodes. By applying
a voltage between the narrow flexible gripper electrodes and the wider “driver” elec-
trodes, the electrostatic attraction causes the grippers gap to open or close, depending
on whether the inner or the outer driver electrodes are biased. Because no voltage
di erence has to be applied between the grippers arms, the electrostatic fields near
the grabbed object can be reduced significantly, thus reducing the risk of unwanted
electrostatic forces on the object. For the same reason the gold covered surface of the
chip itself is also grounded.
There are other possibilities for gripper designs than the straight actuator elec-

trodes. Comb-drives are often used for electrostatic actuation, to provide a linear
relation between applied voltage and actuation. The cantilever based design in the
present project however limits the e ciency of comb-drive structures as the comb will
bend at an angle to the actuator electrodes when actuating. Calculations show that
cantilever actuators based on comb-drives do not deflect linearly with applied voltage
[88]. Various designs, such as combdrives and meander structures were simulated us-
ing the MEMS simulation program CoventorWare, but no significant advantages were
found in the complex designs compared to a simple straight cantilever actuator. The
gripper design and following discussion is hence based on a simple straight cantilever
actuator.
The design of the gripper is hence limited to determination of the optimal length,

electrode gap and cantilever width. The simple model and the simulations were
based on an idealized gripper as shown in fig 3.7. The real device will deviate from
the idealized model in surface roughness and dimensions depending on the specific
processing conditions. The aim of the modelling presented below was hence to be
able to design devices with a reasonable actuation range at low driving voltages given
the process limitations -not to make precise measurements of electrostatic actuation.
The end-e ector of the actuator, as shown in Fig. 3.7, is not a ected by the

electrostatic forces and will have an actuation, , depending on the actuator’s end
deflection ( ) and angle as

= ( ) + + sin (3.10)

The force and torque applied by the actuator on the end-e ector (Fig 3.7)
will result in a gripping force F

= +
+

(3.11)

and any applied gripping force will influence the cantilever deflection. The end e ector
is disregarded and the gripping force is assumed to be zero in the following models.

44



Open

Open

Close

a

b

c

Figure 3.6: Typical layout for electrostatic tweezer with 5 electrodes considered in this work. a)
The outer two electrodes will open the gripper gap when a voltage is applied relative to the gripper
arms. Correspondingly, the center electrode will close the gap. b) When viewed at an angle, the
uncoated parts of the gripper below the electrodes become visible. c) Close-up of a pair of end
e ectors. The gold coverage on the side of the cantilevers can vary from device to device and the
surface cannot be expected to be very uniform or planar on the sub-micrometer scale. For modelling
the device, a uniform sidewall gold coverage will be assumed.

Theory of Electrostatic Actuation of Cantilevers

The cantilever deflection is governed by the di erential equation [84]

2

2
=

( )
(3.12)

where Young’s modulus of the cantilever material is denoted , the moment of
inertia =

3

12
The moment acting on the cantilever at point is given by

( ) =

Z
0=

( 0)( 0 ) 0 (3.13)

with the electrostatic force per unit length, ( ). The electrostatic force is the
negative gradient of the capacitive energy of the cantilever, giving a force per unit
length

( ) =
1

2
2 ( ) (3.14)

with applied voltage and ( ( )) the capacitance per unit length that depends
on the deflection ( ) of the beam at position
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Figure 3.7: The actuator dimensions and actuation. The upper illlustration of the gripper show
the dimensions used in the calculations. The lower illustration show how a gripping force can keep
the end of an otherwise pulled-in actuator at the starting position while the cantilever is pulled-in.
This can provide an estimate of the gripping force by considering the beam deflection.

The above leads to a di erential equation describing the cantilever deflection ( )
as function of voltage

2

2
=

1

2

2 Z
0=

( ( 0))
( 0 ) 0 (3.15)

This nonlinear di erential equation does not have an analytical solution in gen-
eral in general, and the capacitance can only be calculated analytically for a few
simple geometries. By making suitable approximations, we can solve the equation
and understand the main e ect of essential design parameters such as the cantilever
dimensions.
Two analytical solutions for the capacitance of simple systems are useful [89]:

• The parallel plate capacitor: This model neglects fringing fields and is a good
approximation when the gap is much smaller than the thickness of the canti-
levers. The capacitance per unit length is = 0 ( ) (see Fig 3.7) giving a
force

=
0

2
2 1

( )2
(3.16)

• Two parallel cylindrical electrodes: An analytical solution exists for the ca-
pacitance which accounts for the fringing fields [89]. For an actuator with a
quadratic cross section, the actuator geometry is relatively comparable to cyl-
indrical rods if the thickness, width, and diameter are equal, = = . The
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capacitance per unit length is

=
0

ln

μ
( ) + 1 +

q
( )2
2 + 2 ( )

¶ (3.17)

and the corresponding expression for is lengthy.

The parallel plate and cylinder model forces are equal if = = = 1 m.
The parallel plate model overestimates the force by 10% if the distance is reduced to
= 0 5 m Knowing the approximate correction of the fringing fields is of the order

10% when the gap is half closed for this design, the simpler parallel plate model will
be used in the following.

Low bias actuation

Consider the electrodes with a low applied bias voltage applied to them, making
¿ 0 ( ). In this limit the electrostatic force can be considered a uniformly

distributed force. The actuation can be calculated from the Eq. (3.12) by integrating
and applying appropriate boundary conditions for the clamped cantilever1

=
1

2
0 2

2
0

μ
1

24
4 +

1

4
2 2 1

6
3

¶
(3.18)

The actuation at = becomes

( ) =
1

16
0

4

2
0

2 (3.19)

= (3.20)

with total force on the cantilever = and spring constant of the tip for a
distributed force

= 8
1
3

(3.21)

For a 50 m long cantilever with a cross section of 1x1 m the actuation is
( ) = 0 1 m at 10 V bias. Equation (3.19) is a lower estimate of the actuation
since the force is increasing nonlinearly as the gripper actuates.

1The standard cantilever beam equations for uniform force distribution are 0000 ( ) = ( )
000 ( ) = ( ) ( ) and Eq. (3.12) 00 ( ) =

¡
1
2

2 + 1
2

2
¢

( ) with boundary
conditions (0) = 0 and 0 (0) = 0
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3.3. ELECTROSTATIC TWEEZERS

High Bias and the Pull-in E ect

As the cantilever is deflected to narrow the gap, a point will be reached, where the
attractive non-linear electrostatic force increases at a rate higher than the linear spring
constant can counter balance it. This is the pull-in e ect, that limits range within
which the actuator can be moved controllably. Once the pull-in voltage is reached, the
gripper becomes unstable and is pulled into close contact with the driver electrode.
To obtain a simple analytical relation to estimate the pull-in voltage and actuation
range, a simple standard model of the pull-in phenomena will be used [90][91]. The
model considers the gripper to consist of two parallel plates, one fixed and one movable
suspended by a spring. The gripper actuators can only be considered parallel at very
low bias voltages, and the simple model will be compared to finite element simulations
to evaluate its precision. Consider the net force on the actuator, ,at equilibrium
[84]

=
0

2

2 2
+ ( 0 ) = 0 (3.22)

where the actuator is approximated with a parallel plate capacitor with distance
held by a spring constant . For such a system, a perturbation of the gap by
will change the net force

= | (3.23)

=

μ
0

2

3

¶
(3.24)

Stability requires 0 At the limiting pull-in voltage the requirement is
2 = 3 ( 0 ). Using Eq. 3.22 the pull-in limit of stability is at

=
2

3
0 (3.25)

=

s
8 3

0

27
(3.26)

Our actuation range is only 1 3 of the initial gap size if we want to avoid pull-in.
The above equation only applies if no object is grabbed. If an object is grabbed
hindering the end-e ectors to move inwards, the pull-in will make the middle of the
gripper arm flex in to touch the driver electrode, and this will take place at a higher
voltage. If electrical contact is achieved when the gripper arm pulls-in and touches
the driver electrode, one can imagine several undesirable events: The arm to either
discharge and destroy the gold covering, to solder itself to the driver electrode, or
to start vibrating as it is rapidly discharged and charged by the bias voltage. To
what extent this will result in permanent damage of the gripper functionality, will be
examined when characterizing the fabricated grippers.
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3.3.3 Finite Element Simulation of Grippers

Several devices were simulated in the finite element analysis program CoventorWare
in order to estimate the analytical model limitations. The program also allows simu-
lation of more complex structures such as comb-drives, or added meander sections to
the cantilever structure to decrease the spring constant and thereby lower the actu-
ation voltage, but these designs did not show significantly changes in the actuation
behavior compared to the straight actuator designs. The main focus was hence on the
straight cantilever actuators. In the simulations, various mesh densities were tested
to find the mesh size influence on the simulation results. Mesh sizes of 0.5 m with
"Manhattan parabolic cells" gave results matching those with finer mesh densities
and were used for all simulations. The simulations were made for cantilever beams
with dimensions in the range = 40 50 60 m, = 1 2 m, and 0 = 1 2 3
m. An example of such a simulation is shown in Fig. 3.8a. Comparing the ana-
lytical model above with the simulations in Fig. 3.8b, the actuation is about twice
as large for the simulated devices at high bias voltage. The increased actuation in
the simulations compared to the model must be expected since the model neglects
the increasing non-linear force as the gap decreases. The pull-in voltage is on the
other hand described reasonably well by the rather crude pull-in model Eq. (3.25)
with less than 10% deviation between the simulated results and the analytical model.
The pull-in range is usually about = 0 5 0 in the simulations while the model only
allowed for = 0 3 Within its limitations, the simple model seems to be suitable for
order of magnitude estimates of the gripper actuation when designing the grippers.

3.3.4 Realized Designs and Characterization of Actuation

A wide variety of gripper designs were produced during the project, partly because
the process line width specifications were changed to increase the yield of working
devices. When the cantilever and electrode spacing are allowed to be 1 m wide, the
model and simulation make a cantilever length of about 50 m appropriate if one
would like to be able to close the 1 m gap at reasonably low voltages at about 20
V. From Eq. 3.19 the actuation scales as

( )
4

3 2
0

(3.27)

When the process line width was increased to 2 m, the cantilever length had
to be increase to about 100-150 m to achieve a reasonably low actuation voltage
when closing the gap. Such grippers push the processing to the limits, since surface
stress in the cantilevers will make them bend out of the plane. As the actuator and
driver electrodes often bend similarly out of the plane, even 150 m long devices can
often be used. To evaluate whether the grippers actuate as expected from the above
model and simulations, the fabricated grippers were tested in the 4-point station
(Sect 2.3.1).
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Figure 3.8: Comparison of the finite element simulations and analytical model of the electrostatic
actuator. a) The actuation as function of bias voltage for a device 50 m long with 1 m wide
cantilevers and electrode gap. As expected, the analytical model describes the actuation at low
voltages and underestimates at higher voltages. b) The ratio of values from simuations and analytical
models for the pull in voltage and pull-in range. The simple analytical model seems to describe the
pull-in voltage to within 10% of the simulated value but underestimates the pull-in range by about
25 %..

Experimental Setup

The Labview controlled system developed by P. Bøggild has an integrated image ana-
lysis program that allows accurate detection of the gripper position and also controls
a Keithley 2400 Sourcemeter to provide the bias voltage. As shown in Fig. 3.9, a
region of interest can be selected in a live video image from the high magnification
microscope (video field of view down to 50 m). The pixel values in the image are
summed over either the - or -axis depending on the gripper orientation, in order to
produce a graph which for two cantilevers contains two peaks 3.9. The peak positions
are fitted by a Labview peak detection routine, giving a precision of the order of a few
nanometers under optimal conditions, despite the low optical resolution. The peak
positions are stored in a file together with the voltage for further analysis.

The grippers were fabricated; glued to ceramic substrates to make handling of the
small chips easier; and wedge bonded for electrical contact. If pull-in is reached when
actuating the gripper, the bias voltage will be short-circuited and the thin gripper
arm can be damaged severely. Experience has shown that these damaging discharge
e ects can be reduced by adding a 100 k protective resistor to the wires leading to
the chip, provided the resistor is close to the gripper, to minimize the capacitance of
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Figure 3.9: Measurement of actuation. In the Four point station (Sect. 2.3.1), a region of interest
is selected in the video image. The pixel values are summed along the y-axis to give a graph with two
peaks corresponding to the cantilever positions. Plotting the peak positions as function of applied
voltage gives the actuation curve for each actuator in the for the device. Measurements on three
devices (50 m long and both gap and width are 1 m) are shown together with the simuation and
model predictions.

the leads with high voltage between the resistor and gripper2. It seems that about
half the devices can reproducibly be actuated to pull-in and will release when the
bias voltage is removed, while the other half will remain stuck to the driver electrode
after pull-in. A "stuck" gripper can usually be released again by pushing it against
an external object, and this will often restore the functionality of the device.

Reproducibility of Actuation

Figure 3.9 shows simulated actuation curves together with the measured curves on
three di erent grippers with a length of 50 m. The variation in actuation of the real
devices is quite large.
Figure 3.10 shows four actuation curves (opening and closing of two actuators)

measured on the same gripper with the dimensions (in m) = 100, + = 30,
= 0 = 2. This is one of the grippers actuating most reproducibly. When closing,

the two gripper arms actuate reasonably identically, but when opening, arm 2 actuates
almost twice that of arm 1. Practically all devices show deviations between the
actuation of very identical gripper arms that is at least comparable to this device.

2The resistor should ideally be placed on the chip. From experience it seems that even a few
centimeters of wire between the resistor and chip has su cient capacitance to store an energy at 30
V bias that can severely damage the actuator.
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3.3. ELECTROSTATIC TWEEZERS
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Figure 3.10: Measured actuation when opening and closing the two gripper actuators in one device.
This is one of the good devices in terms of reprodubile actuation.

Given the non-linear behavior of the actuation as the pull-in voltage is approached,
and spring constant of the cantilever with the cantilever width, very small deviations
in the gap and width of the cantilevers can easily cause such deviations.
Given the wide variation in actuation even on a single device, the yield of func-

tional devices depend strongly on the specification of "functional": Many devices
will be able to show some kind of actuation, but very few will be operating within
the range of actuation predicted by the model and the simulations. Even for suc-
cessfully processed wafers, inspection in an optical microscope will often show that
some devices have defects such as pin-holes or poorly etched regions. In addition 1-2
percent of the devices will be lost during handling (being released from the wafer,
glued and bonded). Electrical testing will find short-circuits due to small fabrication
defects not easily visible in the microscope, or debris created during the release from
the wafer (some debris can be blown o by a nitrogen jet, and more sticky debris can
often be successfully removed by a "vacuum cleaner" made from a Ø1 mm soft plastic
tube connected to a vacuum pump). The ratio of devices showing some actuation
on one or both gripper arms can in well processed wafers be quite high (more than
50%), but devices matching the simulated behavior was typically only a few percent
of the devices on the wafer.
The grippers’ end-e ectors often stick together after the processing. Such stick-

ing grippers cannot be actuated electrostatically and strongly reduce the number of
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functioning devices. The sticking grippers can often be released if moved in contact
with a solid object. This is a time-consuming operation for each device, but can
considerably increase the yield of functional devices.
With the large variation in device functionality, the modelling and simulations

seem to provide reasonable estimates of the gripper behavior. For future work, the
processing of the devices should be carefully optimized for production of grippers.

Gripping Force and Compliance

For the manipulation tasks discussed in section 3.2, the gripper force and gripper
compliance (the spring constant of the gripper) is also important considering the
forces required to complete the task.
An estimate for the absolute maximal gripping force max can be calculated

from the pull-in of the actuator where a point gripping force at the tip of an actuator
keeps the tip at the initial position as shown in fig 3.7. Given the uncertainty of the
actuators’ actual behavior, detailed simulations of the forces involved during pull-in
would not provide much more information than an estimated value. If the cantilever
is touching the driver electrode, the bias voltage must be assumed to be zero. An
order of magnitude value can be found from the force required to deflect a beam of
about half the length of the full actuator length by 0 as shown in Fig. 3.7b:

max 3
0¡
2

¢3 (3.28)

which for = 50 m = 2 = 0 = 1 m gives max = 1 N. If the
cantilevers are not short-circuited, higher forces can be achieved by applying a voltage.
For grippers capable of opening, the applicable force can also be increased when
grabbing objects larger than 0 as the actuator will deflect more to grab these.
It is a fundamental problem with the electrostatic cantilever actuators that the

grippers must have a low spring constant to achieve a useful range of actuation at
low voltages, but such low spring constant also limits the applicable gripping force.
The 3 3 dependence of max and 4 3 dependence of the actuation ( ) in
Eq. (3.27) make the gripper length and width important parameters for the design.
With a gripping force of the order 1 N the grippers seem to be capable of peeling

nanowires as described in section 3.2.
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3.4. PICK-AND-PLACE MANIPULATION OF NANOWIRES

3.3.5 Summary

A simple analytical model of the electrostatic gripper actuation was compared to
finite-element simulations by the program CoventorWare. The simple analytical
model can be used to predict low bias actuation and also seems to describe the pull-in
voltage reasonably well. The finite element simulations are useful when testing more
complex structures such as comb drives, however, various structures were tested and
did not show improved performance over the straight cantilever grippers, so the in-
vestigation was focused on the straight cantilever actuators. The actuators are in
practice capable of actuating about half the gap width before pull-in occurs. The
gripping forces are expected to be of the order N but depend strongly on the length
of the gripper, the size of the object, and the realized actuation of the individual
device. The measured actuation of processed devices show a large variation for sim-
ilar devices, and even for two cantilevers on the same device. The present fabrication
process limits the thickness of the grippers and this gives a low aspect ratio, which
is likely to cause out-of-plane bending (Fig 3.4c). For many pick operations we must
expect the out-of-plane bending to be pronounced. Despite the shortcomings, the
devices do work reasonably as intended and are among the smallest microfabricated
grippers made to date.

3.4 Pick-and-Place Manipulation of Nanowires

From the description of picking strategies in section 3.2 and the gripping force of
the order 1 N estimated in the previous section, the preparation of the sample for
picking by peeling seems to be an essential issue. Carbon nanotubes were gener-
ally observed to adhere strongly when manipulated in the SEM. The larger silicon
nanowires available from Philips Research laboratories did not appear to adhere as
strongly and were chosen as the sample for the manipulation experiments. Attempts
of tensile or shear gripping of the wires directly from the substrate did not succeed
as expected, since the gripper does not have su cient gripping force to do so. To
prepare samples for peeling, the front edge of a used gripper chip was lowered into
the standing nanowire sample. This would make several nanowires break o and
extend over the edge of the chip where they could be easily approached and also
mounted on a grounded gold surface to reduce charging. The pick-and-place manipu-
lation is presented below in two sections describing first the picking process and then
the placing of a nanowire. The in-situ SEM nanomanipulation setups in the MIC-
SEM and AMiR-SEM described in the previous chapter were used for pick-and-place
nanomanipulation with the electrostatically actuated grippers.
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3.4.1 Picking Up Nanowires

The image sequence in Figure 3.11a—f shows a gripper picking up a silicon nanowire
extending from the gold surface of the chip. The operation was done in the MIC-SEM
setup and the gripper had an actuation range of 300 nm at a voltage of 30 V. The
silicon nanowire had a diameter smaller than 100 nm and was initially extending over
the edge of a gold-coated Si substrate.
To investigate whether the applied gripping force or the adhesion between the

wire and the grippers is dominating the pick-up process, the grippers were first moved
while touching the wire (Fig. 3.11b,c), then closed around the wire (Fig. 3.11d) and
subsequently reopened (Fig. 3.11e). Although the nanowire adhered to the grippers,
during these operations, the adhesive forces were not su cient strong to move the
wire considerably or pull it o . But closing the grippers again and pulling (Fig. 3.11f)
made it possible to pick up the wire. The wire was later lost from the gripper when it
was attempted to place it on a cantilever, probably because a part of the target chip
appeared to be considerably charged by the electron beam. Proper grounding of all
parts is essential, and even then, insulating parts should be avoided in the vicinity of
the gripper, to avoid disturbing electrostatic forces.
The adhesion forces between the gripper and the wire can be su ciently large

to attach it to the gripper. The sequence in fig. 3.12 shows another example of
a nanowire being picked up from a similarly prepared substrate. However, in this
sequence, the bias closing the gripper was removed after gripping was achieved, and
the nanowire was observed to remain in the gap by adhering to one of the end-
e ectors.
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3.4. PICK-AND-PLACE MANIPULATION OF NANOWIRES

a b c

d e f

Nanowire

Substrate

gripper

Figure 3.11: Picking up a silicon nanowire extending over the edge of a substrate. a) Illustration
of the setup. The SEM images are top-views of the setup. The wires located on the upper silicon
surface of the substate were usually adhering so strongly to the substrate, that they could not be
removed. Wires extending from the edge of the gold surface were generally much easier to both
move and remove. b) The gripper moved into contact with the wire. c) Moving the wire and sliding
the gripper along it could not release the wire. d) The gripper was closed around the wire and
reopened (e) without removing the wire. f) The wire could only be peeled from the substrate, when
the gripper was closed.
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a b

c d

e f

Figure 3.12: SEM image sequence by A. Kortschack and T. Wich showing the pick up of a
nanowire. (a) Gripper approaching, the gripper arms are 2 m wide. (b) Gripper opening at 15 V
(c) The nanowire was slowly moved from a position above the gripper into the opened gap. (d) The
nanowire is adhering to the gripper but not enough to break it free. (e) The gripper was closed by
15 V bias and the nanowire could be broken free from the substrate. (f) Once grabbed the gripper
could be opened and the nanowire was observed to adhere to the left gripper arm.
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3.4. PICK-AND-PLACE MANIPULATION OF NANOWIRES

3.4.2 Placing Nanowires

To place a grabbed nanowire accurately, the forces between the substrate and the
nanowire must be increased to the point where the nanowire can be released from the
gripper as discussed in section 3.2. The observation that the nanowires supported by
the silicon surface of the substrate adhered strongly, made it obvious to try placing
a grabbed nanowire on this surface. Such a place-operation was performed in the
AMiR-SEM and is shown in Fig. 3.13. A grabbed nanowire was picked up and held
by the gripper, which then twisted and closed around the nanowire (as in Fig 3.4c).
The nanowire was moved to contact the substrate in Fig. 3.13c (the height of the
substrate in the left hand side of the image is higher than the height of the gripper,
while the right is lower). It was the impression that the wire adhered well already
upon the initial contact to the surface, but to be on the safe side, the contact point
was exposed to the electron beam for 60 seconds, to improve the mechanical strength.
The EBD rate was however very low in this setup, and there was no obviously visible
change in the structure. The release from the gripper was successful and the nanowire
remained at the position it was placed (Fig. 3.13d).
To investigate the strength of the nanowire’s mechanical connection to the sub-

strate, it was attempted to break the nanowire free from the substrate again. The
grippers could be moved in under the wire (Fig. 3.13e), indicating that it was stand-
ing out from the surface and not supported along the entire length. The wire did
not seem to move at all, even when lifting the gripper up with one end-e ector stuck
under the wire as in Fig. 3.13f.
It seemed that the wire was so well attached to the substrate that attempts

to break it o would probably do more damage to the gripper than the wire. The
microrobot was rotated to use another larger cantilever tool capable of applying larger
forces (one of PRCs, see section 2.2.2), Fig. 3.13g. With the larger cantilever it was
possible to break the nanowire o the substrate. In the image Fig. 3.13g, taken just
before the wire broke, the radius of curvature at the fixed end of the nanowire is
about = 6 - 7 m. With a nanowire radius of about 0 = 0 27 m this gives an
approximate yield stress [84]

=
0 (3.29)

of 7 - 8 GPa, if the Youngs modulus 190 GPa of silicon is used. This is in agreement
with the 7 GPa yield stress of bulk silicon. The rather thick "nanowire" used in this
experiment was one of the thickest that have been used. Generally the nanowires are
observed to withstand bending with radii of curvature down to a few microns. In
Fig. 3.13g, the nanowire itself is bending, rather than rotating as a rigid wire around
the point where it is fixed to the substrate. This indicates that the contact to the
substrate is as strong as the wire material itself. A residue of the wire or EBD is left
after it has broken o , indicated by the arrow in Fig. 3.13h. It was not clear if a
piece of the wire was still attached at the contact point or the residue is due to the

58



EBD. If electron beam deposition was soldering the wire to the substrate, it resulted
in this case in a mechanically very strong solder joint with a yield stress comparable
to silicon.
The possibility to use the grippers to move nanowires samples from their substrate

to TEM grids was also investigated. In the image sequence shown in fig 3.14, a
grabbed bundle of silicon nanowires is placed onto a copper TEM grid. The nanowires
were slowly moved into contact with the TEM grid (fig 3.14a-c). When one of the
wires touched the grid, the contact point was irradiated for 60 seconds, to increase
the adhesion to the grid. The bias voltage was than turned o , and the grippers were
withdrawn (fig 3.14d). This was however not su cient to release the wires from the
gripper. In Fig 3.14e the grippers were opened further up by applying bias to the
outer driver electrodes, and this apparently altered the force balance enough to release
the wires (fig 3.14f) that remained stuck to the TEM grid. The nanowires were later
inspected in an optical microscope, where they appeared to be in the same position.
Some days later, when the grid was inserted into the TEM for detailed analysis, the
wires had unfortunately disappeared for unknown reasons. Despite the unfortunate
loss of the wires, it is worth noting that in this case EBD was not required to make
the wires adhere and stick to the grid well enough for the grid to be handled by a
pair of tweezers by hand when removed from the SEM and observed under a light
microscope. In a future study it would be interesting to investigate the strength of the
EBD soldering by a combination of EBD, nanowires, and piezoresistive cantilevers
for force measurements.

3.4.3 Summary

Several in-situ SEMpick-and place operations of silicon nanowires were demonstrated.
Successful picking of the nanowires required the sample to be prepared with wires
extending from the edge of a grounded gold substrate where they could be peeled
o . Placing of nanowires onto silicon substrates was demonstrated, where the wires
apparently adhered strongly, and onto a TEM grid. EBD is possibly a useful tool for
making mechanically strong contacts to the target substrate when placing a grabbed
object. In the present experiments, the wires possibly adhered strongly to the surfaces
even before EBD was applied. In the discussion of EBD in the following chapter,
it will be demonstrated how EBD can be used to solder carbon nanotubes during
nanomanipulation.
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3.4. PICK-AND-PLACE MANIPULATION OF NANOWIRES

a b

c d

e f

g h

5 m

Figure 3.13: The SEM image sequence shows placing of a nanowire (a-d) and subsequent test of
the yield strength of the nanowire attachment to the substrate (e-h). (a) The nanowire was picked
from the substrate as described in Fig 3.12.
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Figure 3.14: Frames from a SEM video sequence of a nanowire bundle being placed on a TEM
grid.
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3.5. ELECTRO-THERMAL GRIPPERS WITH PIEZORESISTIVE FORCE
FEEDBACK

3.5 Electro-Thermal Grippers with Piezoresistive
Force Feedback

The pick-and-place results achieved with the electrostatically actuated grippers demon-
strate the feasibility of in-situ SEM pick-and-place manipulation. The gripping force
applicable by those devices seem to be the main limiting factor for successful manip-
ulation. In the presented design, the electrostatic actuators are necessarily made of
cantilevers with a low spring constant to achieve a reasonable actuation range at low
bias voltages.
Thermal actuators are generally capable of applying higher gripping forces, since

the actuating structure can be a rigid body where the thermal expansion coe cient
is important for the actuation. The review of grippers in the first section of this
chapter also show this tendency. In addition to achieving a higher gripping force,
an electrothermal gripper should also make it possible to create a design where the
applied gripping force can be measured by piezoresistive changes in the actuating
elements of the gripper.
In the included article [1] "Electro-thermally Actuated Microgrippers with Integ-

rated Force Feedback.", the design and test of prototype devices is presented. The
device is shown in Fig. 3.15c,d together with two related devices which inspired the
design (Fig. 3.15a,b). The Zyvex gripper (Fig. 3.1c) is based on a traditional two
beam actuator (Fig. 3.15a). Actuation is achieved by passing a current through the
connected thin and thick beams, which heats the thin beam to a relatively higher
temperature than the thick beam, making the actuator bend towards to colder tick
beam. A higher actuation range has been demonstrated by the design of Kolesar et al.
[92] where two thin flexible beams is used to carry the current (Fig. 3.15a), thereby
reducing the temperature of the cold beam and increasing the actuation range.
The present device uses three identical beams connected by an end bar, shown

in Fig. 3.15b. Depending on how the bias voltage is applied, the thermal actuator
design can be used to both open when heated or, as shown in Fig. 3.15c, to close
when heated. Closing in the cold state is important if the materials to be manipulated
cannot withstand high temperatures and will also make electrical measurements on
the grabbed object possible without voltage applied to the actuator structure (in-
direct actuation). A reasonable range of actuation of about 3 m was measured on
the prototype devices. The design allows for several approaches to implementation of
piezoresistive detection of forces while actuating, where each implementation would
be suitable for di erent applications. Figure 3.15e shows a typical Wheatstone bridge
circuit for sensitive detection of changes in resistance. The actuator can for instance
be connected as a Wheatstone bridge circuit as shown in Fig. 3.15c. Measurements
on the prototype device are presented in the graph in Fig. 3.15f. The measured
sensitivities were considerably lower (a factor of 15) than the values estimated from
a simple analytical model. The discrepancy is likely to be caused by out-of-plane
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Figure 3.15: Thermal gripper with piezoresisitive force feedback. a) The standard thermal actu-
ator, which is also used by Zyvex (see Fig. 3.1). b) A three-beam design by Kolesar et al. [92].
c) The device design, capable of both opening or closing in the heated state depending on how the
driving voltage is applied, and also capable of providing a piezoresistive force feedback signal. d)
Optical image of a fabricated device. e) A typical Wheatstone bridge circuit. The resistor numbers
correspond to those in (c). f) Measurements of the piezoresistive signal when opening and closing
the gap by deflecting each of the actuators in (c) (square and circle mark each actuator).

bending of the beams due to the low aspect ratio. The sensitivity in the present pro-
totype device is comparable to other reported piezoresistive sensitivities [78], where
silicon was used for the sensors, which has an about 20 times higher piezoresistive
coe cient than the gold the present devices were made of.

The current prototype devices have a low aspect ratio, and this makes them
unsuitable for manipulation. The performance of the tested devices make it worth to
consider developing a new process to make high aspect ratio cantilever structures that
can be used to process well-functioning electrothermal grippers with piezoresistive
force feedback and higher gripping forces than the present electrostatic actuators.
Such a process would also be suitable for making electrostatically actuated grippers
with a high aspect ratio and hopefully improved performance as the out-of-plane
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3.6. SUMMARY AND OUTLOOK

bending is reduced.

3.6 Summary and Outlook

Based on a survey of existing gripper designs for micro and nanomanipulation, it was
decided to develop microfabricated electrostatically actuated grippers based on the
existing fabrication processes used for making conductance probes (Fig 2.4).
The requirements for such grippers in terms of gripping forces were studied by

investigating several scenarios for picking up nanowires. A model for the electrostatic
gripper actuation was developed and compared to finite-element simulations, to aid
the design process. Grippers were fabricated and their performance compared to
the model and simulations. The yield of well-functioning grippers was unfortunately
rather low. However, grippers were shown to be able to perform reasonably as expec-
ted, and the devices are among the smallest microfabricated grippers to date. The
achievable gripping force was analyzed and it appeared that they would be suitable
for peeling nanowires extending over the edge of a substrate since that was expected
to be the nanowire sample that required the lowest gripping force to successfully pick
up a nanowire.
The grippers were successfully used for in-situ SEM nanomanipulation. Silicon

nanowires were picked by the peeling method and placed on both silicon substrates
and TEM grids. Electron beam deposition seemed to be a potentially helpful tool
when placing nanowires to ensure strong adhesion to the target substrate.
Finally microfabricated electrothermal actuators were presented which provide a

unique combination of being able to both open and close in the heated state, as well
as providing higher gripping forces and a force feedback signal.

3.6.1 Outlook

With further development, the pick-and-place method, possibly aided by electron
beam deposition or other methods to fix the placed objects, could become a versatile
in situ method for integrating nano- and microstructures. Compared to manipulation
with STM or AFM tips, the grippers could o er better control of the forces in a
pick-and-place manipulation process. Indirect actuation of the gripper compared to
the direct application of the bias voltage to the nanotweezers tips, also seem to be
an advantage that leaves more options open for measurements of the properties of
grabbed objects.
Based on the presented results, it seems worth pursuing the development of a

dedicated fabrication methods for thermal and electrostatic grippers, which especially
means higher aspect ratios and yield of well functioning devices. If more reliable grip-
pers with higher gripping forces are developed or acquired commercially, the pick-and
place methods could be developed to the point where it can become a routine method
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for research and prototyping purposes in the near future. Looking back, it took dec-
ades to develop the devices for surface mounted circuit boards and the technology
to mass-produce these. Considering the increasing availability of nanomanipulation
systems with gas injection for methods such as EBD (available from at least both
Zyvex and LEO) and the commercially available grippers (Zyvex, Nascatec), the de-
velopment of automated pick-and place assembly on the nanoscale seems to be on its
way.
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Chapter 4

Environmental Electron Beam
Deposition

The highly focused electron beam in the SEM is used for imaging nanostructures,
but it can also be used to make nanoscale deposits. In the presence of carbonaceous
or organometallic gasses in the SEM chamber, electron beam deposition (EBD) can
be used to construct three-dimensional nanostructures or solder/glue nanostructures.
In the NanoHand project one of the main goals was to investigate if EBD could be
used for:

• Soldering of nanotubes and wires with conductive material.

• Fast and reproducible EBD of nanoscale tips on the grippers to create nanot-
weezers tips on microgrippers.

4.0.2 Background

It was apparent with the first electron microscopes in the 50’s, that the presence of
an electron beam slowly coated the sample with a carbonaceous substance [13]. Even
earlier, it was observed that electron radiation decomposed organic vapors present
in the vacuum chamber, such as oil vapors unavoidable in di usion pumped vacuum
systems or outgassing from the sample itself [93][94]. When the background gas is
decomposed by irradiation through various ionization and dissociation processes, the
gas turns partly into volatile compounds re-emitted into the chamber and partly into
solid amorphous carbon. The material properties range from diamond-like-carbon
(DLC) to polymers depending on the exact deposition conditions [95].
The reactions taking place during EBD are not well characterized. Both ioniz-

ation and dissociation are expected to contribute [100]. The cross-section for both
dissociation and ionization are peaked at low electron energies ( 50 eV), indicating
that secondary electrons are likely to be the main cause of deposition rather than the

67



2 m

PMMA

PMMA

a b

c d

Figure 4.1: Three-dimensional EBD structures. (a) Carbonaceous ochtaedra by Ooi et al. [96].
(b) Array of metal containing EBD tips make a photonic band gap structure between polymer
(PMMA) waveguides, by Koops et al.[97]. (c) Field emission anode and cathode made by platinum
containing EBD by Koops et al.[98]. (d) Thermal sensor structures by Edinger et al. [99] Four
point measurement of the central arch resistance makes it possible to measure temperature induced
changes in the platinum containing resistor.

primary electrons (PE). By focusing the PE beam in a fixed spot, a thin needle-shaped
deposit will grow up towards the electron beam. The tip width can be considerably
wider than the PE beam diameter and typically of the order 100 nm. The width is
determined by the scattering of the PE in the tip structure which in turn also creates
SE escaping through the tip apex and sidewalls causing a wider deposit [100].
With many potential applications micro- and nanotechnology, the EBD technique

has received increasing attention since the 80’s as a method for creating submicron
structures. Comparing EBD to electron beam lithography (EBL), the EBD process
must be considered "slow" while EBL is "fast" since the required irradiation dose is
many orders of magnitude smaller for EBL. The use of EBD in commercial production
of nanostructures is today limited to "supertips" for AFM cantilevers with extreme
aspect ratios that cannot readily be achieved by other methods [101]. For research
purposes, where high throughput is not a requirement, the technique appears con-
venient in many applications. Apart from depositing structures, it has also been used
to solder nanocomponents. Both single and multiwalled carbon nanotubes (SWNT
and MWNT) have been soldered to AFM cantilevers for stress-strain measurements
[54][52] and to micromechanical actuators [51].
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A large fraction of the EBD publications have been focussing on the use of metal
containing precursor gasses. Koops et al. [102] and Matsui et al. [103] pioneered
the extensive use of metal containing source gasses to make deposits with high metal
contents. They also began scanning the beam in patterns to make three-dimensional
structures. Figure 4.1 shows several illustrations of complicated three-dimensional
structures made by both carbonaceous and metal-containing EBD. Another intriguing
possibility is to use EBD to make catalyst particles for subsequent growth of nanowires
and tubes as demonstrated in Ref. [104].
Compared to the planar and resist-based EBL, the EBD method is slow and

di cult to scale to large productions, but on the other hand o ers the possibility
to create elaborate three-dimensional structures, which cannot readily be made by
EBL. For our nanomanipulation setup, the EBDmethod appears to be a versatile tool
capable of constructing nanotweezers tips, contacting nanowires to create composite
electronic nanostructures, and soldering nanostructures such as carbon nanotubes to
microelectrodes.
For electronic applications one would like to achieve as high a conductivity as

possible of the deposited material. Metal-containing EBD materials usually contain
metallic nanocrystals in an amorphous carbon matrix with a conductance consider-
ably lower than that of the pure metal. The metal content and conductivity of the
EBD material can be increased to approach that of bulk metals by several methods:

1. Heating the substrate has been shown to increase the metal content of the
deposit. Koops et al. [105] have observed an increase from 40 wt. % at room
temperature to 80 wt.% at 100 C.

2. Using a carbon free precursor gas, such as 3 Ho man et al. [106] made
gold deposits with a conductivity of 22 cm which is only 10 times the bulk
value of Gold.

3. Introducing an additional gas such as water vapor while using an environmental
scanning electron microscope (ESEM). Folch et al. [107] investigated EBD in an
ESEM with Dimethyl-Gold-Hexafluoroacetylacetonate as precursor gas. Using
Auger electron spectroscopy analysis they found that the gold content of tips
could be increased to 50% by using 10 Torr 80% 20% 2 as ESEM gas.

This chapter presents our investigation of electron beam deposition as a method
for constructing, contacting and soldering nanostructures. The main results have
been published in the attached papers [2]-[6]. The first section presents our initial
studies of how EBD based on carbonaceous background gas can be used to create
delicate nanostructures and to perform complex manipulation tasks. However, the
background gas was an unstable source for the deposition experiments, and a system
was built with a more reliable integrated organometallic source. A simple model for
the deposition process is reviewed to estimate the achievable growth rates and basic
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flow rates required by the source system for e cient deposition. To achieve a high
conductance of the deposited structures we chose to focus on the EBD method using
ESEM, since the di erential pumping system in the instrument protects the SEM
electron gun from the precursor gasses. We call the ESEM EBD for environmental
EBD -or EEBD. The ESEM is also an interesting instrument for nanomanipulation,
since the environmental gas can often reduce problems with charging1. The experi-
mental setup for the ESEM investigation is then described, including a brief review
of the simple electron beam lithography system I developed to control the electron
beam during EBD (see the included article [2] for details). The following sections
present the experimental results: the internal morphology of the tip deposits was
examined by HRTEM and STEM, and it was discovered that it is possible to create
desposits with a solid gold core under certain deposition conditions. These results
were published in the included paper "Solid Gold Nanostructures Fabricated by Elec-
tron Beam Deposition" [4]. The main results of that paper are summarized in Sect.
4.4. In order to achieve reliable deposition of three-dimensional structures by slowly
scanning the electron beam, a detailed study was made of the deposition process as
function of scan rate. The electrical properties was also investigated since the gold
core make the method an attractive tool for creating conductive structures and con-
necting nanostructures electrically. This work was published in the included article
"Constructing, Connecting, and Soldering Nanostructures by Environmental Elec-
tron Beam Deposition"[3]. The results are reviewed together with the main results
from the included paper "Soldering of carbon nanotubes onto microelectrodes" [5].
The ESEM study was done together with primarily D. N. Madsen (R. Mateiu and S.
Dohn also contributed) in close collaboration with the company Haldor Topsøe A/S,
who generously provided the ESEM and TEM expertise.

1The ESEM also provides a nanomanipulation environment where capillary forces might be
controlled during manipulation and both high temperatures and light can be used while imaging in
ESEM mode. These aspects are beyond the scope of this thesis.

70
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Figure 4.2: EBD of a pair of nanotweezers using carbonaceous background gas as precursor. A fixed
electron beam was used to grow nanotweezers tips on an electrostatic microgripper by sequentially
rotating the gripper in di erent directions relative to the electron beam [108]. The trinagles indicate
the direction of the beam. (Images adapted from [108], and the experiment was done by P. Bøggild)

4.1 Initial Study of EBD

Before making dedicated systems for organometallic EBD, we gained experience with
the EBD method by using the carbonaceous background gas as source. The results
from these initial studies demonstrate that EBD has the potential to become a very
useful technique for the nanomanipulation setup.

4.1.1 Making Nanotweezers by EBD

When the NanoHand project started, Peter Bøggild and Torben M. Hansen used EBD
to make nanoscale carbonaceous tips on micro four point probes. They were using
the SEM at the Division of Solid State Physics at Lund University, which turned out
to have a background gas giving high deposition rates, unlike the SEM at MIC which
rarely displayed any noticeable EBD rates2.
In these experiments, the deposition rate varied substantially with the instrument

history - and sometimes deposition was not possible at all. But when deposition was
possible, delicate three-dimensional nanostructures could be deposited. Figure 4.2
illustrates how nanotweezers tips were deposited on the two middle cantilevers of a
small cantilever probe, which then could be used as an electrostatic microgripper.
Bøggild and Hansen created gaps as small as 25 nm in this manner [60]. The gap
between the nanotweezers tips can be made smaller by imaging the tweezers structure
at high magnification, which causes a slow deposition to widen the tweezers tips until
the imaging is stopped when the desired gap width has been reached. The method
was also used to make nano four point probes with four EBD tips extending from

2All our observations indicate that deposition from a gas naturally present in the chamber is
hindered by frequent exposure of the chamber to ambient air. In addition, the LEO SEM at MIC
is not pumped by a di usion pump which is known to cause a carbonaceous background gas.
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4.1. INITIAL STUDY OF EBD

the micro four point probe to give a probe spacing of 300 nm. The probe was made
conducting by anisotropic gold coating, but the coating was found to be fragile due
to poor adhesion to the EBD tips.
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Figure 4.3: Demonstration of the versatility of EBD in the nanomanipulation setup at MIC, using
the background gas as precursor gas. (a) A MWNT was soldered to a pair of carbonaceous EBD
tips deposited in Lund on a microgripper. The MWNT was brought in contact to one tweezer tip
and soldered by 30 s EBD (the beam is indicated by the triangle). (b) By pulling the nanotube
away, the tweezers tip breaks o . (c) The tip is brought back in contact with the microgripper.
(d-e) The tip is soldered to the gripper by a 30 s EBD that filled the gap. (f) When the MWNT is
pulled away again, it breaks o at the nanotweezer tip, and the tweezers have been repaired. (g) A
MWNT is soldered to the side of the tweezers and a thin tube is pulled across the gap and soldered
to create a nanotube bridge. (h-i) more tubes could be added by further soldering, but electrostatic
forces due to charging by the electron beam made it di cult to control the position.
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4.1.2 Soldering Nanotubes by EBD

At the MIC SEM, EBD was only rarely possible and usually only with very limited
deposition rates. Serendipitously, it was possible to demonstrate the versatility of
EBD soldering for nanomanipulation tasks as shown in Fig. 4.3 on a day where the
deposition rate was much higher than normal. Though promising, the results cannot
not be reproduced since precursor sources are not allowed in the instrument, and the
use of EBD is anyway limited to gluing as long as the deposited material appears to
be highly insulating.

4.1.3 Summary

Electron beam deposition was found to be a versatile tool to include in the nanoma-
nipulation setup. EBD could be used for both constructing new nanostructures such
as nanotweezers and for soldering existing nanostructures such as carbon nanotubes
to other micro- and nanostructures. However, the material deposited from the SEM
background gas at Lund and at MIC did not appear to be conducting, and this lim-
its the applicability of EBD for electrical devices. To make nanoscale conductance
probes, it is possible to coat the nanotweezers tips by anisotropic gold deposition,
but the gold does not adhere well to the EBD material.
The soldering experiments at MIC demonstrated that the soldering was mechanic-

ally so strong that the nanotubes often broke before the soldering joint. The method
is however unlikely to make reproducible results as long as it depends on the unstable
background gas of the SEM. Since it is not allowed to insert gas sources into these
SEM instruments, the following investigation was focused on using the ESEM with
more controlled gas sources.

4.2 A Simple Model of EBD

To achieve a higher degree of reproducibility of the deposition process, an organo-
metallic source system was built for the ESEM at Haldor Topsøe A/S. This section
reviews a simple model of the EBD process and the requirements for the source
system.
To accurately model the EBD process, one has to resort to Monte Carlo simu-

lations that can incorporate the di erent scattering e ects taking place during the
process. Extensive work done has been done on models for the deposition of amorph-
ous carbon tips by Silvis-Cividjian [100]. However, the study presented here deals
with deposition of organometals, and there is very little available knowledge on:

• The radiation induced chemistry of the metal containing precursor gas. A
wealth of reactions are possible, but limited data is available for the conditions
and substances used for EBD.
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Figure 4.4: The surface ad- and desorption processes during EBD used in the rate equation model.

• The chemical content of the produced amorphous carbon in the deposit. We
were not able to perform successful Raman spectroscopy on the sub-micron
sized deposits.

• The current density in the ESEM electron beam.

Not knowing the chemical details of the deposition process, the exact product
of the deposition, or the electron beam, it is not possible to do a detailed Monte
Carlo modelling of the process. A simple model is reviewed below to provide an
understanding of the basic requirements and limitations for the EBD process.

4.2.1 Rate Equation Model

Electron beam deposition of planar layers on surfaces can be reasonably described by
a simple rate equation model [109]. The model shows the fundamental limitations
for growth rate and its dependence on beam current and precursor gas flow. The
model calculations and most experiments in this thesis, are based on the precursor
gas dimethyl gold acetylacetonate, here abbreviated to DGAA. The vapor pressure
of the precursor gas determines the flux of precursor molecules to the surface. The
flux rate of molecules [m 2s 1] of an ideal gas at rest is

=
2

(4.1)

with pressure , atomic weight Boltzmans constant and temperature .
For DGAA which has a vapor pressure of 1.3 at 25 C, this gives a flux rate
= 1018 cm 2s 1

The cross-sections for electron beam induced ionization and dissociation of the
precursor gas to form the deposits are generally not known. Cross-sections are usu-
ally of the order Å2 and peak at low energies, corresponding the low energy of the
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4.2. A SIMPLE MODEL OF EBD

secondary electrons which are probably the main cause of the deposition. The ad-
sorption of molecules on the target surface and highest density of SE near the surface
make it reasonable to assume that the deposition rate / depends on the sur-
face density of adsorbed precursor molecules , the beam current density and
the e ective cross section 0 as

= 0 (4.2)

The surface density of the adsorbed precursor molecules in Eq. (4.2) is
the source for the deposited material and depends on both the deposition, ad- and
desorption processes as sketched in fig. 4.4. With maximum surface density 0 (e.g.
one monolayer3), adsorption probability and lifetime ( ), a rate equation can be
written for the precursor surface density as [109]

= (1
0
) 0 (4.3)

The steady state adsorbate density, is then

=
0
+ 1 + 0

(4.4)

If each deposition event on average results in a cubic unit cell of deposited material
with volume , the vertical growth rate [nm/s] is

= 0 (4.5)

=
0+1

0
+ 1

(4.6)

The dependence on precursor flux falls into two cases:

1. 0 when a monolayer is always present and increasing the flux rate
has little e ect on the growth rate since the surface is saturated

2. 0 when less than a monolayer is present, and increasing will increase
the growth rate .

Increasing the electron beam current will in this model always increase the depos-
ition rate. The rate increases relatively linearly with the electron flux, until it begins
to saturate when the source gas flux becomes the limiting factor for the growth rate.

3Generally, more than one monolayer cannot be expected unless the target is cooled compared
to the source, to give condensation of the source gas.
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Scheuer et al. [109] have measured the EBD deposition cross section of 3 ( )12
to be of the order 0 = 0 2 Å2 and = 1 s. Using these values, a rough estimate
of the growth rate can be calculated. For the estimate, we assume a monolayer is
present ( = 0) ; a sticking e ciency of = 100%; the vapor pressure flux of
DGAA; an electron beam diameter of 20 nm, which is comparable to the minimum
observable resolution in the ESEM; a total beam current of 0 2 nA, which was the
standard setting for most ESEM experiments; and finally that the unit cell volume
for deposition is that of gold. With this set of values, the deposition rate becomes
= 100 nm/s The used values make 0 À 0 so the deposition is not limited

by the electron beam current but by the gas flux which would have to be 10 times
higher to reach saturation. The beam radius will have to be increased to = 0 5
m to reach the electron flux limited region and this radius is much larger than the
observed resolution in all presented experiments. Its is important to secure as high
as possible flux of precursor gas in the experiments, since this is the main limiting
factor in the model whereas the focus of the electron beam is expected to be less
important due to the high current density.

4.2.2 Limitations to the model

The rate model is suited for describing deposition of planar layers, but for the case
of deposition of tip structures in a real system, several other e ects influence the
deposition rate:
Scattering of primary electrons in the deposited structure. BSE and SE

are emitted through the sidewalls and apex of the structure in a non-uniform way,
and the PE/BSE scattering make SE generation take place in a larger region than
the PE beam radius, which considerably limits the minimal radius for tip structures.
Figure 2.2 illustrate these e ects. Simulations are needed to make proper estimates
of the influence of scattering, but qualitatively it should cause a lower vertical growth
rate as less electrons must be expected to emerge through the upper surface of the
structure.
The PE beam is not uniform as considered in the model. A Gaussian

distribution of the PE beam can be expected, and for ESEM, the scattering of the
electron beam in the environmental gas creates an low current density "electron skirt"
around the PE beam. This should be considered both for the possible contamination
in the larger region irradiated with low current density, but also for reducing the
current in the primary beam and thus the growth rate.
It was assumed that the source supply precursor gas with the vapor

pressure gas flux rate. The rate could be considerably lower if the source material
does not have enough surface area to sustain the gas flow or the distance to the
source is too large. The fact that many organometallic compounds, including DGAA,
decompose in contact with water could also reduce the source gas flow.
Not all irradiation induced events will result in deposition of material.
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Substantial amounts of material could be volatile or negatively ionized and carried
away in the ESEM environment. Electron attachment is taking place in the ESEM
and is known to influence the detection of secondary electrons [71]. This could reduce
the supply of precursor gas and hence the deposition rate.
Surface di usion of the precursor gas will influence the supply rate.

When depositing in only a small area, surface di usion of adsorbed molecules from
the surrounding area can considerably increase the supply of precursor molecules.
This is usually the explanation given why many EBD experiments observe that the
tip deposition is faster in the beginning; for then to decrease to a steady state growth
rate, when a tip structure is formed which limits the supply by surface di usion. This
could increase the rate at the very beginning of the deposition.
The predicted vertical growth rate from the model must be an upper estimate on

the achievable rate, since beam scattering in the gas and tip structure and limitations
to the gas flux rate in the ESEM is expected to reduce the steady state growth rate.

4.2.3 Summary

Little data is available on the precursor gasses for EBD especially for electron irra-
diation in an ESEM environment. A simple rate equation model gives an estimated
deposition vertical growth rate of 100 nm/s for the precursor gas DGAA. This estim-
ated growth rate is expected to be an upper limit. Especially the flow rate of precursor
gas should be as high as possible in the experiment since this is the limiting factor
for the deposition rate.

4.3 Experimental Setup

The deposition setup was installed in a Philips XL30 ESEM equipped with a field
emission electron gun. The ESEM makes it possible to use various gasses in the
sample chamber of the microscope since the apertures between the sample chamber
and the gun column are connected to a di erential pumping system. Pressures up to
10 Torr are possible in the sample chamber. The standard Everly-Thornhart detector
would not work under such conditions since it would create a discharge in the low
pressure gas. Instead a "gaseous secondary electron detector" is used, as shown in
fig. 4.5, which measures the current of a weak cascade discharge in the gas, which is
seeded by the emission of electrons from the sample. Without precursor gas present
in the chamber, the deposition rate was negligible in the high vacuum mode as well as
in the gas mode of the ESEM. All experiments were performed at room temperature.
The TEM analysis of the deposited tips was made together with A. Carlsson using a
Philips CM200 FEG UltraTwin at Haldor Topsøe A/S.
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Figure 4.5: Schematic view of the ESEM deposition setup. Ultra high vacuum (UHV) is maintained
in the column to protect the field emission gun by two pressure limiting apertures (PLA) separated by
a di erential pumping system. The sample chamber can be at pressures in the mPa-hPa range ( 10
Torr). The di erential pumping system also protects the UHV region from the precursor gas for the
EBD experiments. In environmental mode, the gasseous ionization detector is used, which measures
the current in a weak cascade discharge to the positiviely charged large field detector (LFD). The
discharge creates a low density current of positive ions from the detector. Both precursor sources
placed inside and outside the chamber were tested in the experiments. The external source could
be turned o by a valve and evacuated by a pump when changing the source material.

4.3.1 The ESEM source system

Our choice of precursor gas was guided by the work of Folch et al. [107], who used
Dimethyl-gold-hexafluoro-acetylacetonate (a liquid with a vapor pressure of 100 Pa).
To avoid handling high vapor pressure liquid organometals, we preferred to use the
compound Dimethyl-gold-acetylacetonate (DGAA4) . DGAA is a white powder with
a vapor pressure of 1 3 Pa (0.01 Torr) at 25 C. It sublimates at 25 [110].
For the majority of the deposition experiments, the in-situ source system shown

in Fig. 4.5 was used. The precursor flux is directed towards the deposition target
by a nozzle ending about 1 mm from the deposition target. The DGAA was placed
in a small aluminum cylinder screwed onto the nozzle (10 mm long, 1 mm diameter
bore). By neglecting the limitations by the gas flow conductance of the nozzle and
the di usive flow through the ESEM gas we can set an upper limit on the mass loss
rate from the source by the vapor pressure flux rate, giving = 4 g/s. With
this loss rate, the source containing about 50 mg DGAA should last about 3 hours.
This is comparable to the lifetime we observe in our experiments, which is of the order

4( 3)2 ( 5 7 2); CAS number 14951-50-9.
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5-10 hours. It is our impression that freshly crushed DGAA crystals decompose on
the surface and the outgassing rate is reduced over the source life time, since plenty
of DGAA appears to be left in the source when the deposition rate becomes low.
Freshly crushed crystals were always used when starting an ESEM session. Each
data series presented in this thesis is based on data from within one single session.
Since the source gas pressure wasn’t measured, it has not been attempted to study
the e ect of varying the source gas flow rate.
Apart from the directed flow from the source nozzle, the deposition process will

also have a contribution from the DGAA supplied by the sample chamber background
gas. A 1 m2 gold monolayer weighs only 4 mg, which is a fraction of the material
contained in the source chamber. The SEM chamber must be expected to be covered
in a monolayer of DGAA in a few minutes. Since it takes 20 30 min to flush the
chamber for background gas and do the initial focusing to prepare for experiments, an
equilibrium background pressure of DGAA must be present during experiments. The
actual vapor pressure at the beam target in the chamber will depend on the distance
to the source nozzle, whether flow is ballistic or di usive, as well as the background
DGAA pressure in the chamber. The highest deposition rates were observed within 1
mm from the source nozzle. Several centimeters away from the nozzle and behind the
nozzle, tips could also be deposited, but at lower growth rates. This indicates that
both direct flow from the nozzle and the chamber pressure of DGAA contributed to
deposition.
At the end of the project an external source system shown in Fig. 4.5 was tested.

The external source was connected to the chamber through steel tubes and directed
towards the sample by tubes in-side the chamber. This setup allowed the source to
be turned on only when deposition was needed to avoid unnecessary deposition when
imaging the sample.
In the ESEM, the environmental gas is typically water vapor or nitrogen. The

pressure range is from 0.1 to 10 torr, though the contrast is very poor at the pressure
limits and optimal around 0.8 Torr. The optimal setting was used in all measure-
ments, unless pressure changes are specifically stated. For water vapor at the standard
pressure of 100 Pa (0.8Torr), the molecular flux is two orders of magnitude higher
than the precursor flux calculated above. The water vapor supply should hence be
su cient for water to participate in every irradiation induced reaction of DGAA at
all pressures in the environmental mode.

4.3.2 A Simple Electron Beam Lithography System

For deposition of three-dimensional structures a system was needed to controllably
scan the electron beam while depositing. Neither the MIC SEM or the ESEM had
electron beam lithography equipment or provided external control of the electron
beam such as an external electrical connection to the scan coils. In the ESEM
the software for X-ray analysis allowed a certain degree of control over slow line
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Figure 4.6: The EBL system made from four cylindrical parallel rods. a) the system geometry. b)
Image of the system inserted into the ESEM chamber, where it is clipped onto the pressure limiting
aperure (PLA). In the foreground, the Large field detector (LFD) plate is visible (see Fig. 4.5)

scans, but not with the precision required for creating reproducible complex three-
dimensional nanostructures, such as free standing tips on microgrippers. To have full
control over the beam in the microscopes an expensive add-on EBL system could have
been acquired. Instead, I developed a simple electrostatic quadrupole scan system
that amply suited our requirements. The EBL system is presented in the included
article "A Simple Electron Beam Lithography System" [2]. The following is a brief
review of the system.
The system should able to scan in two directions to allow three-dimensional struc-

tures to be deposited and the scan range should be of the order 10-100 m to make the
system suitable for creating nanostructures contacting micrometer sized electrodes.
The scan speed should be comparable to the growth rate (1-100 nm/s), which is low
compared to standard EBL systems. Finally, it had to be portable and easy to install
and remove, since the setup cannot be mounted permanently in the microscopes.
The developed system is a general-purpose portable electron beam lithography

system consisting of an electrostatic deflector plate system mounted where the elec-
tron beam exits the column and enters the specimen chamber, see Fig. 4.6. For the
ESEM, the system is designed to be mounted onto the pressure limiting aperture in
a few minutes. With bias voltages applied to the electrodes directly from a stand-
ard two-channel DAQ card in a portable computer, the system can deflect the beam
in two directions with nanometer precision. To achieve a high resolution, the aber-
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rations and astigmatism induced by the deflection system should be minimized. A
highly linear electrical field was achieved by using a deflector geometry adapted from
the linear Paul trap or quadupole mass spectrometer with four parallel cylindrical
electrodes equally spaced around the electron beam [111]. If a voltage ±1

2
is applied

to two diagonally opposed rods with diagonal distance , while the other two are
kept at ground potential, the electrical field at the center is constant = . The
deflecting force on an electron = is acting over the length of the electrodes
over a time = for the beam with kinetic energy = 1

2
2 The deflection

of the beam at the end of the plates is

= =
1

2
2 (4.7)

=
1

4

2

(4.8)

If we use typical values such as = 5 mm, = 5 keV = 50 V = 5 mm,
we find = 12 m, which is in accordance with the range we would like to achieve.
After passing the deflection system, the transverse velocity of the beam will
increase the deflected distance if the target is at a distance + below the lower edge
of the deflection system. The total deflection of the beam becomes

=
2

μ
1

2
+ +

¶
(4.9)

= (4.10)

where is a first order correction coe cient to account for edge e ects due to
the finite length of the rods. The correction coe cient is expected to be about 1.
If needed, and higher order corrections can be found by finite element simulations
of the electrical field in the device. The deflection distance is proportional to the
ratio of deflection to acceleration voltage, with denoting the proportionality
constant.
The system performed as expected from Eq. (4.9) with linear deflection due to

the applied voltage. If a conservative limit of 10 nm is chosen for the acceptable
increase of the beam diameter due to the system induced aberrations, the achievable
scan range is about 50 m for the tested system. Commercial systems can typically
scan a larger range, but the range and precision achieved by the present system is
more than su cient for the present experiments. Given the low cost and the fact
that the scan range needed for many research EBL and EBD applications are of the
order some micrometers (typically to make contacts to larger structures defined by
optical lithography), the present system could probably be used for many of such
applications.
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Dimethyl-gold-acetylacetonate (DGAA) was chosen as the precursor gas. Both an
internal and an external source system were developed during the project. The ex-
ternal source system was capable of turning the source o when deposition was not
needed, and this was used to decrease unwanted deposition when imaging the sample.
However, the simpler internal source system was used for most of the EEBD experi-
ments. A simple low cost electron beam lithography system was developed and used
to control the electron beam during deposition of three-dimensional structures.

4.4 Solid Gold Structures Created by EEBD

A TEM study was done on the internal structure of the deposited tips, showing a
layered shell structure with di erent material composition. The results were presented
in the included article [4] and the following is a brief review of those results.

4.4.1 Deposition Rate

From the rate equation model (Sect. 5.4.4), we should expect a constant growth rate
of the tip structure with rates up to 0.1 m/s and possibly an increased growth rate
at the beginning of the deposition due to surface di usion. Figure 4.7 shows the
resulting height of tips as function of time. The tip height grew with a constant rate
of about 1-1.5 m/min or about 15-20 nm/s, which is comparable to EBD growth
rates reported in literature [105][112], but a factor of 10 below the estimated upper
limit (Sect. 5.4.4). The considerably lower value was expected considering the many
limitations to the model that made it overestimate the rate. The scattering of the
measurements is too large to make any firm conclusion on whether the initial rate
decreases with time as surface di usion to the tip apex becomes limited5.

4.4.2 The Shell Structure

After the first deposition experiments in the ESEM, it was apparent from TEM
analysis that the deposited tips had an internal shell-like structure, which to our
knowledge had not previously been observed in EBD tips6. The shell structure in the
deposited tips consisted of di erent material layers each characterized by a certain
range of gold/carbon content ratio. Above a certain threshold water vapor pressure

5Surface di usion could be reduced in the ESEM compared to SEM, because the beam skirt
irradiates the surroundings and decompose the precursor before substantial amount can di use
towards the main beam region. Pre-scanning of a region is one of the techniques commonly used in
SEM to reduce contamination by surface di usion [94].

6Folch et al. [107] who first studied EEBD used Auger electron analysis, which only probes the
outermost atomic layers within the SE escape depth and hence cannot detect the shell structure.
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Figure 4.7: The tip height as function of deposition time. The curve is almost linear, and reasonably
reproducible from session to session, compared to the variation within one session. Energies between
5 and 30 keV were used in session 2 without showing any clear dependence of the rate on energy.

and a certain threshold of electron beam current, the deposited tips contained a solid
polycrystalline gold core. The results are described in detail in the included paper [4]
"Solid Gold Nanostructures Fabricated by Electron Beam Deposition". This section
will briefly review the main results.
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Figure 4.8: TEM images illustrating how the morphology of EEBD tips using DGAA as precursor
depends on the deposition conditions. (a) Apart from water vapor, all other tested environmental
gasses ( 2; O2/ ; 2/ ) resulted in tips containing gold particles embedded in an amorphous
carbon containing matrix. (b) When using water vapor as environmental gas, a dense gold core
becomes increasingly pronounced as the vapor pressure and beam current is increased. In (b), the
beam current is 0.2 nA, and in (c) 0.02 nA. (c) A contamination layer almost void of gold can be
deposited on the tip by scanning the beam while imaging. So-called proximity contamination can
also occur if depositions are done later within a range of a few m from the tip. The contamination
layer is thicker on the side facing later depositions. (d) Electron irradiation in SEM or TEM causes
the contaminated tips to bend irreversibly towards the side with the thickest contamination layer.
The tips were deposited from left to right and thus bent towards the last deposition.
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Three distinct types of layers have been identified: a core, a crust, and a car-
bonaceous contamination layer. Fig 4.8 show the apices of three tips with di erent
morphologies, all were deposited by a 10 keV beam. All tips deposited in 2, in
60% 40% 2, and in 80% 20% 2 consisted of 3-5 nm gold nanocrystals em-
bedded in an amorphous carbon matrix; This composite structure is similar to what
is observed in EBD tips in SEM [112]. When water was used as the environmental
gas, the tips contained a central core of dense gold surrounded by a crust with ma-
terial similar to that of the tip shown in Figure 4.8a. Sometimes an outermost layer
with very low gold content was observed. Such low gold content contamination layers
seemed to be caused by later contamination of the deposited tip. Contamination oc-
curs on tips that have been imaged intensively while the source was present. Another
source of contamination is what we term "proximity contamination", which occurs
if a later deposition was made in vicinity of the tip. Proximity deposition has also
been observed in EBD by Utke et al. [113]. Such nearby depositions seem to coat
the tip in an asymmetric contamination layer, as shown in Fig. 4.8c, thickest to the
side facing the later deposition. If tips with asymmetric contamination layers are
irradiated by electrons in SEM or TEM, the layer make the tip bend irreversibly to
the side with the thickest layer, as shown in Fig. 4.8d.

EDX spectra and the observed crystal lattice spacings of the nanocrystals confirm
that the material in the tips is carbon and gold. The deposits with 60% 40% 2

and 80% 20% 2 environmental gas were made so the atomic density of oxygen or
hydrogen was as high as under the depositions using water where a gold core were
observed. That no core was observed when using the other gasses strongly indicates
that water is essential for the formation of the core.

The structure of the crust material is comparable to what would be expected if
DGAA is decomposed to an amorphous carbon matrix containing gold nanocrystals.
If such crystals have a diameter of 3 nm as in the crust material, the gold spheres
must be spaced by 1 nm to give the C:Au ratio of DGAA. The exact composition of
the amorphous carbon matrix cannot be predicted since we do not know the amount
of H or O included in the amorphous carbon, or to what extent it is polymerized,
graphitic ( 2 bonds), or diamond-like-carbon ( 3 bonds).

The underlying processes causing the creation of the core is not well understood.
Both water and irradiation have been reported to influence the di usivity of gold,
but under conditions not well comparable to the present EBD process [114][115]. In
the gold cores, crystalline domains can often be found over areas much larger than
the typical diameter of nanocrystals in the crust, and sometimes even comparable to
the core diameter. An example of such a large crystal domain is shown in Fig. 4.9.
Both the large crystal domains and the high mass thickness that blocks the TEM
beam in the core, indicate that the core consists of polycrystalline solid gold. This
conclusion is also supported by the high conductance of EEBD structures with gold
core, which is described later in Sect 4.5.2.
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Figure 4.9: Large monocrystalline domains are observed within the gold core. The inset shows
a TEM image of a tip apex, which is divided into two large crystal domains as indicated by the
encircled regions. The upper region is shown in the main HRTEM image, with the crystal plane
orientation along the white lines. Often crystalline domains with dimensions comparable to the core
diameter are observed.

The results indicate that high current densities and water vapor are required to
create the gold core. The dependence of the core diameter on the beam current
and water vapor pressure was studied. The results are shown in Fig. 4.10. All
measurements are relying on the experimenter’s ability to focus the beam optimally
and this will influence the measurements, especially due to low image contrast when
the parameters are far from the optimal conditions 0.2 nA and 0.8.Torr water vapor
pressure.
At low and high beam currents the image contrast was low which made it di cult

to achieve optimal focusing. Poor focus might be the cause of the short tips with
a wide crust radius at highest and lowest beam currents. The diameter of the gold
core on the other hand seems to be proportional to the square root of the beam
current, indicated by the thin line in Fig 4.10c. Since the beam diameter also scales
with the square root of the beam current in Eq. 2.7, this could indicate that the
beam diameter could have a direct influence on the creation of the core. According
to FEI/Philips [46], the ESEM operated in high vacuum mode should have beam
diameters two orders of magnitude smaller than the observed core diameters, but
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4.4. SOLID GOLD STRUCTURES CREATED BY EEBD

a b

c d

Figure 4.10: The tip height and width as function of beam current and environmental gas pressure.
Tip height vs beam current (a) and pressure (b). Outer crust diameter and core diameter as function
of beam current (c) and pressure (d).

follow Eq. 2.7. Whether the environmental gas could make the beam diameter scale
similarly with current is not known, and the present results are probably be highly
dependent on the operators ability to focus properly.

At low currents with core diameters about 20 nm, the core does not consist of
a continuous solid material, but rather a region with a higher density of gold nano-
crystals. Qualitatively, the data indicate that a minimum beam current density is
required to create the solid gold core, while measurements of the beam diameter
are needed to clarify the reason for the empirical square root relation for the core
diameter dependence on beam current.

The tip structure also depends on the water vapor pressure. Below 0.5 Torr, the
core diameter was observed to rapidly decrease. This could in principle be caused
by the lower contrast at low pressures, which made focussing di cult. However,
the tip crust diameter seems relatively constant, indicating that beam broadening
probably isn’t pronounced and the water vapor pressure is an controlling factor for
the formation of the gold core. Direct measurements of the beam diameter would be
relevant to do in a future study to be able to identify the mechanisms behind the
apparent correspondence to Eq. 2.7 for the dependence on beam current, and the
threshold for core formation at 0.5 Torr water vapor pressure.
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Figure 4.11: TEM image of a MWNT (1) used as starting point (2,3) for two scanned EEBD lines
(4,5). The tube is deformed (collapsed or contracted) at the starting point where a thick gold layer
surrounds the tube. Both tube and deposits are coated in a carbonaceous contamination layer (6).

TEM Study of EEBD Soldered Carbon Nanotubes

The gold core in the deposit makes the EEBD method interesting for applications
such as soldering nanocomponents together. To investigate the structure of such a
soldering joint, the beam was scanned across a MWNT on a TEM grid. A TEM
image of the resulting structure is shown in Fig. 4.11.
The EEBD wire appears to contain a gold core and to be firmly attached to the

MWNT, which was noticeably deformed at the joint. Both the MWNT and the
gold wire were covered by a low gold-content contamination layer that probably was
caused by both ESEM imaging at high magnification and proximity contamination
from the deposition of the lines. The EBD process could be called a nano-soldering
technique rather than welding since the soldered components do not coalesce as in
welding, but the EEBD soldering can strongly deform the soldered MWNT as seen
in Fig. 4.11.
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4.5. FEASIBILITY STUDY OF EEBD

4.4.3 Summary

When water is used as environmental gas it was observed to be possible to deposit
structures with solid polycrystalline gold cores. The formation of a gold core depends
on the ESEM deposition parameters. The current series indicate that a minimum
current density is required to form the gold core and narrow cores are formed at
low beam currents. Gold cores have been observed with diameters from about 10 to
150 nm (Fig. 4.10c). When the cores are thinner than about 20 nm they appear as
regions with a high density of crystallites rather than solid cores. A minimum water
vapor pressures of about 0.5 Torr is required to form the core as well. When used
MWNT as a soldering method, TEM images of the deposits show gold cores in close
contact to the tubes, and the tubes being both deformed and contaminated by the
process.

4.5 Feasibility Study of EEBD

It is possible to deposit well controlled three-dimensional EBD structures by scanning
the beam slowly. Slow scan speeds result in almost vertical depositions, while high
speeds makes horizontal deposits. The variable deposition rate and manual scans
in the Lund SEM made it di cult to realize precise three-dimensional structures by
this method in that instrument. As shown previously in Fig. 4.2, when depositing
nanotweezers in the SEM at Lund University, well defined structures could be made
by using a fixed electron beam position and rotate the sample to get the desired angle
of the deposit, but that is a very time consuming method.
With the reasonably reproducible EEBD deposition rate, it was tested whether

tweezers tips by using the line scan function in the ESEM software. Figure 4.12a
show an example of such a structure. The software did not allow to set any specific
scan rate and scan time, and this made it very di cult to achieve aligned tips, but
the process was considerably faster than using the cumbersome rotation of the device
used to make the tips in fig. 4.2. Several structures comparable to the example in
Fig. 4.12a could be made in one hour. But apart from the limited precision of the
scan, additional unwanted deposits occurred, such as the deposits under the main tips
in Fig 4.12a. We then tested the EBL system described in section 4.3.2 and found it
capable of creating elaborate structures with well defined scan rates. An example of
a cork screw structure is shown in 4.12b and c.
With the EBL system we made an investigation of he feasibility of the gold core

deposition for research applications and the results are presented in the included pa-
per [3] "Constructing, contacting and connecting nanostructures by Environmental
Electron Beam Deposition" and included paper [5] "Soldering of nanotubes on mi-
croelectrodes". The following is a brief review of the main results.
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Figure 4.12: Three-dimensional structure created by slowly scanning the electron beam during
deposition. (a) Nanotweezer structure made by linear scans using the ESEM EDX system. The EDX
system make it di cult to determine the scanned distance and hence the tip height. An additional
deposition was attempted to reach equal height of the two arms. Branching of the deposits is seen at
each starting point for depositions. Side view (b) and top view (c) of corkscrew structure deposited
using the EBL system (Sect. 4.3.2). At high scan rates, the x-y beam scan resulted in circular two-
dimensional structures, and the three-dimensional structure is likely deformed by contamination
bending.

4.5.1 Additional Depositions

As mentioned above, a contamination layer can be deposited on existing structures
by imaging or by proximity contamination from nearby depositions. Sometimes the
deposited structure itself also have unwanted additional structures growing out from
it or parallel to it, such as the small tips below the main nanotweezers structure in
Fig 4.12a. We term these e ects additional depositions and a summary of these are
given in Fig 4.13.
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200 nm 400 nm

200 nm

Summary of Additional Deposition Effects

200 nm

300 nm

Dotted lines indicate the intended 
structures.

a) SEM image showing an EEBD 
proximity contamination layer on 
the substrate. The layer is thicker 
close to the tip deposition site, as 
indicated by the arrows.

b) TEM image of a typical 
a s y m m e t r i c a l  p r o x i m i t y  
contamination layer with low 
gold content.

c) Contamination layer bending. 
Electron irradiation make the tips 
bend to the side with the thickest 
layer during SEM investigation.

d) Parallel growth of 

. Below the intended line 
deposition, additional lines can 
be deposited.

e) Parallel lines made by EEBD.

f) Branching of the main EEBD 
deposit. The  branches grow out 
at lower angles than the main 
structure.

g) Branching during EEBD. This 
deposition was made using 
Mo(CO)  as precursor.

EBD tips. 
Made by background gas EBD in 
Lund

6

a

c

b

d e

gf

Figure 4.13: Summary of the typical additional depositions observed in three-dimensional struc-
tures made by EBD and EEBD. The intended structures are indicated by dashed lines.
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We have observed the additional depositions in both ESEM and SEM deposits
and found that they can be divided into sub-categories: contamination layers (Fig
4.13a,b), contamination layer bending (Fig 4.13c), parallel growth (Fig 4.13d,e), and
branching (Fig 4.13f,g). The additional depositions can often be damaging to the
functionality of the intended structures, contamination layers could cause insulating
layers on intended conductive surfaces and branching deposits could short-circuit the
intended structures.
In some cases the additional depositions could be used intensionally: contamina-

tion bending could be used to deform structures into new shapes. To what extent this
process could be controlled reliably is an open question. Ooi et al. [96] have suggested
parallel deposits could be used to form parallel structures. Our experiments indicate
that the reliability of this method would be questionable, and the process would have
to be optimized for such type of deposition (though it is presently not clear what is
required for that). Branching can also be seen in some other structures reported in
literature [116], but this e ect has as the other additional depositions gone largely
unnoticed.
How much of the contamination layer is due to later imaging and how much

stems from the beam skirt during nearby depositions is not clear in the present data.
Imaging with the source gas present does cause a considerable part of the deposition
and preliminary experiments using the external source (Fig 4.5) that can be closed
when deposition is undesired, show that the thickness of contamination layers can be
reduced, thereby also reducing the deformation e ect during subsequent imaging.
We have not identified parameters that reliably control the creation of additional

deposits, but it is our impression that a high source gas pressure probably tends to
favor their creation - a source with controllable source gas pressure is needed should
one want to test this. This is in accordance with the observations of branching FIB
deposits [117].

4.5.2 Line Depositions

To deposit nanotweezers tips reliably, a study was made of the e ect of the beam scan
velocity in the deposited structure. As in earlier experiments (Fig 4.7), the vertical
growth rate, , was found to be reasonably constant with a value of = 9± 3 nm/s
for all acceleration voltages and beam scan rates. With a constant vertical growth
rate, the angle to horizontal of the deposited line is expected to follow

= arctan( ) (4.11)

The expected dependence of the angle was found to be in good agreement with
the measurements, considering an estimated uncertainty of ±10 . The angle of the
deposits can hence be controlled from vertical to about 10 above horizontal by the
scan rate. At scan rates higher than 30 nm/s, the diameters of the deposited lines
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4.5. FEASIBILITY STUDY OF EEBD

was observed to decrease from the base of the tips to the apex. The tip diameter
seems to reach a lower limiting value of about 60 and when this value is reached
deposition seems to stop. The length of deposited three-dimensional structures is
therefor quite limited when depositing almost horizontal structures at high scan rates.
For comparison, Shimojo et al. [118] observed an 8 nm linewidth at high scan rates in
a TEMEBD experiment, and [119] observed at 5 nm line width limit for carbonaceous
EBD in a SEM. In future studies, it could be interesting to investigate if the EEBD
linewidth could be reduced by using for instance higher electron beam energies.
To test the reliability of the deposition of almost horizontal lines, bridges were

deposited to make bridges between microcantilevers 1.5 m apart. About one third
of the bridges made electrical contact between the cantilevers and gold cores were
observed in the bridges deposited using water vapor as the environmental gas.
The deposited bridges made it possible to measure if the presence of the gold

core had an e ect on the electrical properties of the EEBD material. Only one
bridge deposited in nitrogen achieved making contact between the cantilevers (200
M detection limit). The nitrogen bridge had a resistivity about 2 M - three orders
of magnitude higher than those deposited in water vapor which had resistances of the
order of 1 k . The bridges could sustain high powers up to 100 W and currents up
to 0.6 mA The current density in the core reached 1012 A/m2 (assuming the crust
is highly resistive as the nitrogen deposited bridge). The lowest resistivity was about
an order of magnitude higher than that of bulk gold.
The electrical properties of EEBD bridges with gold cores are comparable to those

of gold nanowires on surface investigated by Durkan and Welland [120] and the EBD
results achieved by Utke et al. [121]. Such electrical properties make the EEBD gold
nanowires comparable to e.g. multiwalled carbon nanotubes [122] and gold wires
made by electron beam lithography [120].

4.5.3 EEBD Soldering of Carbon Nanotubes

The highly conductive gold deposition was used to solder MWNT to microcantilever
electrodes, as shown in Fig. 4.14. The line width of the gold core in such depositions
can be down to 20-30 nm. The resistances across such bridges were usually in the
range 10 k and this is what would be expected from the MWNT itself (compare to
the electrical measurements on MWNT in chapter 5). The low resistances indicating
that EEBD is a potentially useful technique for nanoscale soldering, but was observed
to deform and potentially damage the MWNT in Fig 4.11.
To investigate the properties of EEBD soldered MWNT, a bridging MWNT was

stretched by deflecting one of the microcantilevers with an etched tungsten tip, while
simultaneously measuring the resistance of the device, as shown in Fig 4.15. This
measurement enabled a measurement of the piezoresistive strain-induced changes in
electrical resistance of the device as well as setting a lower estimate on the solder
bond strength.
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Figure 4.14: Conductivity of an EEBD soldered carbon nanotube. The ESEM image shows a
MWCNT soldered to two microcantilevers by two cross-shaped deposits. With a 10mV bias voltage,
the current increases in steps as function of time during soldering on each cantilever. As the second
soldering bond is completed the current jumps to a stable high value. The inset shows the linear
low bias IV characteristic of the device, which has a 20 k resistance. These measurements were
done by D.N. Madsen and R. Mateiu.

The deflection of the cantilever pulled by the nanotube can be used to estimate
the tensile stress and strain in the tube. The measurement gives an estimate of the
Youngs modulus of the nanotube of 30 GPa (based on the total tube cross section).
Nanotubes have been measured to have Youngs modulus up to about 1 TPa for defect
free arc-grown tubes [52], but measurements have also shown lower Youngs modulus
of tubes, comparable to 30 GPa [123].

The strain induced change in conductivity is 1% at 4% strain. Piezoresistive
measurements on SWNT have shown much higher piezoresistive sensitivity [124][125],
while measurements on carbon fibers seem to give sensitivities comparable to this
measurement [126].

The tensile strength of the soldering can be estimated by considering the contact
area of the gold core soldering, which is of the order 0.1 m2 The observation that the
tube only appears to move between the cantilevers and not on their surface indicates
that the surface contact area might be larger. With an estimated maximal force
of 20 N, the largest shear force on the soldering joint is about 200 MPa. This is
comparable to the yield strength of gold.
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a b

c

Figure 4.15: Piezoresistive properties of a soldered MWCNT. (a-b) A carbon nanotube was
soldered to two microcantilevers to form a conducting bridge. By deflecting one cantilever with
an STM tip mounted on the nanomotor, the strain induced change in resistance of the MWCNT
bridge could be measured (c). The measurements were made in the MIC SEM setup for improved
image quality by S. Dohn.

4.5.4 Summary

The EEBD technique can be used to solder carbon nanotubes to create highly con-
ductive devices with resistances comparable to what is expected from the nanotube
itself. The high conductivity indicates the contact resistance of the soldering is neg-
ligible compared to the intrinsic nanotube resistance. The soldering seems to be
mechanically stable with yield strengths in the range of that of bulk gold. The device
has not been tested to failure to determine the ultimate strength of the soldering.
Severe contamination is observed on all devices and future studies should try impro-
ving the setup by using shutters to turn the source on and o to only have source
gas present when needed. The measured piezoresistivity is much lower than what
has been measured in SWNT, but comparable to measurements on carbon fibers.
Whether the low sensitivity is due to the properties of the CVD grown MWNT or
the contamination and deformation by the soldering process is not know.
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4.6 Conclusion and Outlook

The EBD method provides the unique possibility of directly forming electrical and
mechanical interconnections between free-standing carbon nanotubes and other micro-
and nanostructures as demonstrated by the work done using the carbonaceous back-
ground gas as precursor.

The discovery of the highly conductive solid gold core in the environmental elec-
tron beam deposited (EEBD) structures makes the EEBD method a potentially very
useful technique for creating, contacting and soldering nanostructures, with uses in
many areas of nanotechnology.

The essential parameters required for creating the gold core have been investig-
ated, and it was found that the gold core diameter increases with the square root of
the beam current. We also found that a vapor pressure above 0.5 Torr is required,
but it cannot be ruled out that this was due to low image contrast causing a wider
beam.

Apart from the intended structure, additional depositions such as contamination
layers, parallel deposits and branches have been observed in both EBD and EEBD.
Preliminary experiments have shown that being able to turn the precursor supply
o when not needed seemed to limit the contamination e ect when imaging. It is
not clear what conditions could limit the creation of proximity contamination due
to nearby depositions as well as the parallel deposits and branches, though a high
precursor gas pressure might favor these e ects.

Soldering of carbon nanotubes to microcantilevers was demonstrated with depos-
itions containing gold cores. The observed resistances of the devices were comparable
to what would be expected from the nanotube itself, indicating a low contact resist-
ance.

A strain measurement on a soldered nanotube showed piezoresistivity comparable
to that of carbon fibers but lower than those reported on SWNT. TEM images of
nanotube-gold core soldering joints show that the gold core connections deform or
collapse the nanotube in the joint, which may damage the graphitic layer-structure of
the nanotube close to the solder material. To what extent this and the contamination
layers a ected the measured electrical properties of the nanotube in the piezoresistive
measurements remains to be investigated.

Although time did not permit refinement of the EBL system to create tweezers
structures and solder bonds "by the click of a mouse", the systems software could
be extended to included such features. The presented analysis of the deposition
as function of beam scan rate show that the EEBD method can be used to create
nanotweezers tips, especially if the tips are made at angles higher than about 45 to
horizontal.
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4.6.1 Outlook

The presented study has demonstrated the versatility and limitations to the EEBD
method. Several questions remain unanswered by the study and new questions have
appeared. A list of the possible future investigations could be

• What is the e ect of contamination layers and soldering deformation on the
physical properties of the soldered nanowires and MWNT?

• What are the mechanical properties of the deposited tips and each of the types
of layers (core crust and shell). Can the tips be used for conductive probe tips in
AFM or scanning four point nano-probes or will contamination layers prevent
electrical contact?

• What are the mechanical properties of the EEBD structures ?
• Measurements in a setup with controlled source gas pressure and beam diameter
should be able to provide data for better models of the deposition process and a
better understanding of the apparent square root dependence of core diameter
with beam current.

• Fujita et al. [119] did not observe limits to the length of lateral thee dimensional
deposits. If this could be achieved in EEBD the technique would be more useful.
They also observed a line width of only 5 nm for carbonaceous structures,
which is considerably thinner than the 60 nm limit observed in the present
experiments. It would be interesting to find the factors determining the line
width.

• Could EEBD gold dots be used as catalytic particles for nanowire growth as
Lau et al. [104] used Co deposits for nanotube growth? If this is possible
a whole new range of devices with integrated nanowires on microfabricated
devices should become possible, since EEBD can be done on any surface, after
the microstructure has been processed.
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Chapter 5

Studies of Carbon Nanotubes

Applications of the tools and systems developed in the previous chapters range from
preparation of microscope samples, such as TEM lamella, to complicated integration
of nanostructures in prefabricated microsystems. While manipulation and soldering
techniques open up new possibilities for handling and characterizing nanostructures,
these techniques can also potentially damage the nanostructure. To characterize the
created devices or the nanowires themselves, TEM o ers unsurpassed resolution to
observe the internal structure. The TEM-Chip system was presented in Chapter 2.
In this chapter, the emphasis is on high bias voltages measurements of multiwalled

carbon nanotubes (MWNT) produced by chemical vapor deposition (C-MWNT).
The first section presents a brief review of MWNT conduction, and explains why C-
MWNT are relevant to study. Since the measurements are done at high bias voltages
the e ects of heating nanotubes are also described. The measurements were initially
done by scanning micro four point probes in ambient air under an optical microscope
by Søren Dohn1 [7]. At high bias voltages, the measurements could be interpreted
as sequential breakdown of carbon shells in the C-MWNT, that eventually led to
the nanotube being cut in two pieces. The limited microscope resolution made it
impossible to observe where and how the nanotubes failed. I attempted to repro-
duce the measurements in SEM in an attempt to observe the changes taking place
in the nanotubes with higher detail. However, the C-MWNT apparently failed in
one single step in the vacuum environment. Section 5.2 compares the measurements
with scanning probes in ambient conditions and in the SEM manipulation system. I
then turned to the TEM-Chips to be able to apply the bias voltages in ambient air
and subsequently analyze the e ects on the C-MWNT with TEM. All TEMmeasure-
ments were done together with three students, Anders Tegtmeier Pedersen, Casper
Hyttel Clausen, and Sven Bjarke Gudnason, for their mid-term project. The TEM
measurements are presented and discussed in Sect. 5.3. Finally, Sect. 5.4 presents
the results on electron beam irradiation induced damage of nanotubes. Investigations

1During his M.Sc. project at MIC [127], where I was co-supervisor.
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have shown that electron irradiation with energies below 80 keV should be harmless
to carbon nanotube structures [128]. During the TEM study we discovered that
both TEM and SEM irradiation could damage the nanotubes severely, despite the
electron beam energies being within ranges that are normally considered harmless
to MWNT. Using a cold finger in the TEM reduced the rate of irradiation induced
damage to a level where monitoring the nanotube experiments were not a ecting the
electrical measurements. The TEM and SEM induced damage seemed to be caused
by the presence of water vapor. Because SEM and TEM are standard methods for
characterizing nanotubes, these results are important for future work, since it will set
limits on the water vapor pressure and electron doses singlewalled carbon nanotube
(SWNT) and MWNT can be exposed to without being damaged.

5.1 High Bias Voltage and Thermal E ects inMWNT

The MWNTs used for the many of measurements reported in literature have been
produced by arc discharge (A-MWNT), and such nanotubes are known to have a much
lower defect density than the C-MWNT [129]. A-MWNTs have been shown to be
ballistic conductors on the micrometer scale even at room temperature [130] and have
also been observed to withstand extremely high current densities 109 A/cm2 [131],
suggesting they could find applications as interconnects in microsystems. Many of the
"exotic" nanoscale e ects such as ballistic conductance in A-MWNT are limited by
the higher defect density in C-MWNT. However, from a technological perspective, the
C-MWNT are interesting, since they can be grown from catalytic particles directly on
microsystems [25][132]. This could make integration of C-MWNT in mass-produced
microsystems much easier than A-MWNTwhich cannot be grown directly in a desired
place. Despite the high defect density, C-MWNT have been shown to sustain high
current densities ( 107 A/cm2 [133]) and high density (1011 cm 2) transistor arrays
have been made with highly defective C-MWNT [134].
When high bias voltages are applied to A-MWNTs deposited from a dispersion

onto gold electrodes on a planar substrate, Collins et al.[122] have found it to be
possible to remove the outermost carbon shells sequentially - a process that is termed
"shell burn" in the following. Their results were based on electrical measurements in
vacuum and air, combined with SEM observations of the A-MWNT as they were se-
quentially thinned down. In a later paper by Bourlon et al. [26], the results by Collins
et al. are reproduced, but this time with EBL defined contacts and AFM images.
De Pablo at.[135] also used AFM to correlate the position of electrical breakdown
with defects in nanotubes. The SEM and AFM observations only provide images of
changes to the outer diameter of the nanotube and not the changes to the internal
shell structure. Nakayama et al. [136] observed by TEM that MWNT were thinned
down to have pointed ends by shell burn experiments in vacuum. Poncharal et al.
[137] have also been investigating A-MWNT at high bias. Their method is based on
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lowering a bundle of pristine A-MWNTs into liquid mercury. This enables them to
observe the change in conductance as the contact length of the metal to the nanotube
is varied. They have also done this as in-situ TEM experiments. Unlike Collins et al.
[122] they did not observe sequential shell burn in their experiments. Once a too high
bias voltage was applied to a nanotube, the outer shell turned into amorphous carbon
and the electrical contact was lost. Poncharal et al. suggests that the treatment used
to make a dispersion of A-MWNT by Collins et al. created defects in the A-MWNT
and influenced the measurements.
By their TEM images of the individual nanotubes, Poncharal et al. provide com-

pelling evidence that their observations should be related to a pristine multiwall
structure, and that the sequential shell burn observed by the other groups could
relate to defects caused by the treatment of the nanotube sample. From these obser-
vations, it seems interesting to make shell burn experiments on pristine C-MWNT to
see if sequential shell burn is possible (as Collins et al.) or whether these nanotubes
will fail in one single step (as Poncahral et al.).
The present work has focused on studying a C-MWNT sample supplied by Richard

Czerw from Wake University. The nanotubes were produced by a ferrocene/xylene
CVD process [138]. This C-MWNT sample consists of mats of relatively aligned
MWNT. Compared with the other MWNT samples we have tested, this sample ap-
peared to contain more uniform nanotubes in terms of length and diameter, which
would hopefully lead to more reproducible results. With this sample it was also easier
to manipulate individual nanotubes when preparing the TEM-chips, since these nano-
tubes appeared to have lower inter-tube adhesion forces and were relatively thick
(diameters 50-100 nm).
The shell burn experiments require an understanding of the conductive properties

of carbon nanotubes; the oxidation e ects taking place as the nanotube is heated
by the dissipated power at high bias voltages; and finally the irradiation e ects that
could influence the measurements done in SEM and TEM. These e ects are reviewed
in the following.

5.1.1 Conductance of MWNT

Each shell of a MWNT can be regarded as single walled tube made from a rolled
up graphene sheet. Planar graphene is a semi-metal with an in-plane resistivity of
5×10 5 cm, while the resistivity perpendicular to the graphene planes is of the order
10 3-100 cm [139].
The periodic boundary conditions imposed on the electronic wave function along

the circumference of a graphene shell will alter the electronic structure of the NT
shell compared to planar graphene. A review of the electronic properties of carbon
nanotubes can be found [140]. Depending on the chirality a nanotube shell can have
metallic or semiconducting properties along the nanotube axis. Statistically, two out
of three shells can be expected to be semiconducting in a MWNT. The band gap for
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a semiconducting shell is [141]

= 2 0 (5.1)

where 0 2.45-2.90 eV is the energy overlap integral for tight binding calcula-
tions, = 0 142 nm is the - bond length in graphene, and the diameter of the
shell. At room temperature, the thermal energy is larger than the band gap for
semiconducting nanotube shells with diameters &30 nm. Only more narrow shells
would display signs of semiconducting behavior at room temperature. For metallic
shells, two states cross the Fermi level, and a sub-band structure similar to that of
the semiconducting shell is present with a sub band gap 3 times larger. At low tem-
peratures, only the two states at the Fermi level will contribute to the conduction,
each with a conductance quantum [142]

0 = 2
2

(13 k ) 1 (5.2)

giving a conductance of an ideal nanotube shell of = 2 0 [137]. At room
temperature, the sub band states of metallic shells must participate in the conduction
unless the shell diameters are much smaller than 100 nm and the tube diameter used
in this work.

Conductance of C-MWNT

Generally, C-MWNT are not considered defect free. Dai et al. [129] measured the
resistivity of C-MWNT to be di usive rather than ballistic, and of the order 10-
100 m (1-10×10 3 cm), which is at least 20 times larger than expected for the
graphene in-plane resistivity. The term defects is here meant to cover imperfections
such as

• Interstitials (incomplete shells included in the shell structure)[143].

• Various types of topological defects such as faults and kinks in the shell struc-
ture, and vacancies, such as Stone-Wales defects where carbon atoms are missing
within a shell.

• Catalytic particles or gasses absorbed or included in the shell structure from
the growth of the nanotubes can act as scattering centers and also as donors
changing the Fermi energy [144].

• Molecules adsorbed on the nanotube surface are known to act as dopants and
scattering centers, which influence on the electrical properties [145]. Often
pristine nanotube samples are hole doped, which increases the conductance of
semiconducting shells.
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Zhou et al. [146] have developed a model based on thermal activation of conduc-
tion channels giving a linear dependence of doped MWNT conductivity with tempe-
rature. Their measurements on C-MWNTs show that the conductance is increasing
and highly linear in the range 50-800 K. They note that it is probably the widest
observed linear temperature dependence of conductance reported for any material to
date. However, Jang et al. [147] have measured the temperature dependence of the
conductivity of C-MWNT depending on the degree of disorder in the shell structure,
and use a model for heterogeneous material conductivity to explain their observations
of both positive and negative temperature coe cients, which are not always linear.
The influence of defects on the electronic structure of a shell has also been studied by
Raitkin et al. [148], who concluded that a high defect density can lead to an increased
gap compared to the value of Eq. 5.1 by e ectively increasing the value of 0.

Given the wide variety of defects and the di erent types of e ects they have
on the electrical properties of a nanotube shell, it seems di cult to even estimate
the properties of a C-MWNT without extensive studies of the individual nanotube
under investigation. For a rough estimate, the C-MWNT in the present work can be
assumed to be a (solid) graphite rod with a length about 1-10 m. The resistance
of a 1 m long 100 nm diameter nanotube is between 50 and 12 k depending
on whether the highest resistivity obtained by Dai et al. [129] or that of graphene
resistivity is used. In the following, conductances will be measured in units of the
conductance quantum, 0 which appear to be a reasonable scale for the present
nanotube conductance. One should keep in mind, that the transport mechanism is
not likely to be ballistic on the length scales and temperatures investigated here.

Some measurements have been reported on the conductance of C-MWNT and its
dependence on the applied bias voltage. Lee et al. [133][149] have measured the IV
characteristic of a C-MWNT in air to have increasing conductance with increasing
bias until a saturation e ect limits the current at bias voltage of 1-10 V. Oxidation
of the outer shells due to Joule heating of the nanotube at the high bias voltage
is mentioned as a possible explanation for the current limit. A lasting decrease in
device conductance is observed when the current saturation has been reached. For
measurements in vacuum, Qui-Hong et al. [150] also measured increasing conductance
of C-MWNT, with increasing bias and saturation starting around 3-5 volts. Qui-Hong
et al. explains the increasing conductance by annealing e ects in the nanotube due to
joule heating by the dissipated power, since the conductance increases in subsequent
scans. Here, the current saturation is explained by the onset of electron-phonon
scattering and Bragg-reflection. Altough there is some variation in the IV curves
reported in the mentioned literature, the IV measurements on C-MWNT generally
seem to show nonlinear increasing conductance with bias voltage.
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5.1. HIGH BIAS VOLTAGE AND THERMAL EFFECTS IN MWNT

5.1.2 MWNT Annealing and Oxidation E ects

The e ect of heating nanotubes in air or vacuum must be considered to explain the
changes taking place in C-MWNT at high bias voltage and current. For a MWNT
bridging two cantilever electrodes, the temperature rise depends on the dissipated
power and the thermal conductance of the nanotube. Since MWNT have been meas-
ured to have thermal conductivity in the range 25-3000W/Km, a very simple model
[151][152] will be used for estimating the temperature at the middle of the bridge:

=
8

(5.3)

where is the bridge length, the cross-sectional area, the thermal conductivity
and = the dissipated power in the bridge with bias voltage and current .
For a 1 m long 100 nm diameter nanotube with a dissipated power of 1 mW, the
temperature rise is between 5 K and 600 K given the wide range reported for the
thermal conductivity
In thermogravimetric experiments where the mass of a sample is measured as it

is slowly heated in a controlled atmosphere, carbon sooth begins to oxidize at around
350 C in air, while carbon nanotubes generally have higher oxidation temperatures,
starting around 600 C [153]. The higher temperature needed for oxidation of nano-
tubes is often explained by the absence of dangling bonds and protection of inner
shells by the outermost one, so oxidation is required to take place shell by shell.
Heating an impure nanotube sample in air is often used as a way to clean the sample
for carbon sooth. When heating nanotubes in air, TEM studies have shown that
pits tend to form in the shell structure [154]; once oxidation has opened a shell at a
certain point, the dangling bonds are attacked and so is the underlying shell.
Defects in nanotubes will also be attacked during oxidation, and nanotubes have

been observed to oxidize faster at kinks and at points with high strain due to bending.
Lu et al. [155] observed MWNT to be completely oxidized in 103 s at 700 C and
about 60 s at 1200 C. In those measurements, the oxidation time had an Arrhenius
dependence [156],

(5.4)

The activation energy was found to have a value = 122 kJ/mol, in agreement
with measurements on graphite oxidation where E = 100 300 kJ/mol [155].
For nanotube samples containing regions in the shell structure with amorphous

carbon, annealing is a common technique used to graphitize such amorphous carbon
into a proper shell structure[157][158]. As the temperature of a sample is increased
in inert gasses, such as nitrogen and helium, various thermal processes take place.
At about 1000 C carbonization is beginning to take place, turning organic material
into amorphous carbon. At 1500-3000 C graphitization is occurring. As with the
oxidation, increasing temperature is expected to increase the reaction rate. The
rate is however slow and hours are often needed to achieve a reasonable e ect [157].
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Stable field emission has been observed with MWNT reaching 2000 C in vacuum
[151], indicating that MWNT can sustain very high temperatures.
If catalytic particles are present within the nanotubes, these must be expected

to change shape, move, melt, or evaporate depending on the reached temperature.
By in-situ TEM studies, Ichihashi et al. [159] observed Fe catalytic particles move
through amorphous graphite nanorods at 650 C with a velocity of 5 nm/s, leaving
behind a tubular track of graphite. Indium metal particles have also been observed
to move by electromigration on a carbon nanotube surface when a current is passed
through the nanotube [160]. By annealing, Kim et al. [161] have observed Fe catalytic
particles to both move, change phase, and alter the innermost carbon shell structure.
From TEM images, the internal structure of the C-MWNTs in our sample appear
comparable that of the nanotubes used by Kim et al..
When high currents are passed through a nanotube, electron scattering near de-

fects will heat the defect sites up to higher temperatures than the surrounding nan-
otube material [135]. For shell burn experiments in air, the nanotubes must be
expected to begin oxidizing slowly at defect sites where amorphous carbon is present
at temperatures as low as 350 C. At temperatures around 700 C the oxidation rate
will be considerably faster and begin to cause increasingly deep pits and even cut
nanotubes at kinks and large defect sites. Temperatures can easily reach 600 C in
nanostructures heated by moderate powers in the mW range (Eq. 5.3), and the
nanotubes must be expected to burn in seconds or minutes, depending on the tem-
peratures achieved in the experiment. If the nanotubes are oxidizing at this rate,
annealing e ects will not have time to take place, but catalytic particles are expected
to be able to move and possibly change the nanotube structure in the relatively short
time interval.

5.1.3 Summary

MWNTs are potentially very interesting components in a variety of applications from
high current carrying leads to field emission tips. The reviewed measurements have
shown MWNT to have extremely high current carrying capabilities and thermal sta-
bility. The conclusions regarding the electrical properties of MWNT from di erent
groups are often not in agreement. The preparation methods and specific details of
the experiment are apparently very important in determining the behavior of the
individual devices. There are still many open questions and even contradictions es-
pecially when comparing results from di erent groups, and new publications on the
subject are appearing continuously. The possible e ects taking place in carbon nano-
tubes at high temperatures have been reviewed and it was concluded that burning
near defect sites would probably be the primary thermally induced e ect in Joule
heated nanotubes.
Given the wide variety of results on MWNT electrical conduction, the TEM-Chip

system o er the possibility to both obtain high resolution images of the individual
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5.2. SCANNING MICRO PROBE MEASUREMENT OF NANOTUBE
CONDUCTANCE

nanotube being investigated and observe the details of the changes in the structure
due to the high bias voltages. Ideally, the measurements should include not only
TEM images, but also measurements of the resistance as function of temperature,
Hall resistance measurements to determine the density of carriers, and gate voltage
dependence of conductance in a field e ect device to determine the sign of carriers.
Such measurements are beyond the scope of the present investigation, but are planned
for future TEM-chip studies.

5.2 Scanning Micro Probe Measurement of Nan-
otube Conductance

Micro conductance probes (Sect. 2.2.2) were used to directly measure the electrical
properties of carbon nanotubes without the need for electron beam lithography to
define contacts. The results are reported in detail in Søren Dohns masters thesis
[127] and in the manuscript [7]. Each nanotube sample was prepared in an optical
manipulation station by pulling a C-MWNT from the substrate with an etched tung-
sten tip or microcantilever probe, and then placing it on a silicon oxide surface. The
nanotubes can be aligned on the substrate by pushing them gently around with the
W-tip.

5.2.1 Measurements in Air

When the scanning conductance probe (with two or four cantilevers) was moved down
on the nanotube, contact was usually not achieved until the probe had been nudged
around while pressing down on the nanotube. Once contact had been achieved the
measured resistance would be very sensitive to vibrations and drift in the setup.
Generally, resistances of the order k were measured on the nanotubes by both four
and two point measurements with a resistance per length of the order 1-4 k m.
The measurements indicated a di erence between measured conductances of di erent
nanotubes that was larger than the measurement error, and the measurements hence
seemed to primarily measure the intrinsic properties of the individual MWNT rather
than the contact resistance.
Figure 5.1 shows a sequence of a typical IV characteristics on a C-MWNT ac-

quired by a Labview controlled Keithley 2400 source meter. The inset in the figure
show an optical image recorded during such a measurement, where the limited resol-
ution makes it di cult to distinguish between a single or a bundle of MWNT. When
preparing the sample it often becomes clear whether more nanotubes are present,
since they tend to separate as they are moved around.
The C-MWNT were found to have a conductance of the order 0 2 1 0 as

expected, and a zero-bias resistivity of 1.3-3.3 k / m. The first sweep of bias voltage
generally gave a non linear IV characteristic, where the conductance increased with
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Figure 5.1: Typical shell burn measurement series with two-point conductance probe in air. The
inital IV sweep (0) is more non-linear than the subsequent sweeps. As the sweep reaches a relatively
constant threshold voltage about 3 V, the current saturates and then rapidly decreases. Subsequent
sweeps show stepwise decrease of the zero-bias conductance, 0 . The inset shows an image from
the optical microscope of a tube that had previously been burnt in two pieces and the tip of the
two-point conductance probe. Images adapted from [127].

voltage, until about 1.5-3 V where the current would saturate. If the sweep was
continued beyond the current saturation point, the current would begin to decrease
rapidly until the nanotube burned into two pieces. If the voltage sweep was stopped
at the point where the current had begun to decrease in the IV curve, 0 would be
lower in the following IV curve.
The program controlling the voltage sweep would stop the sweep if there was a

decrease of current by more than a predefined percentage level. For about one third
of the nanotubes, this method made it possible to decrease the conductance sequen-
tially in several steps until they eventually burned into two pieces. The sequential
conductance decrease could be interpreted as a sign of sequential burning of the shell
structure as observed by Collins et al. [122]. They base their conclusion that indivi-
dual shells burn partly on the observation of stepwise decrease on current, and it is
worth noting that no clear step-shaped pattern was observed in the present measure-
ments. However, a continuous current decrease resembling the present measurements,
has also been observed in the shell burn experiment by Bourlon et al. [26] which to
some extent reproduces those of Collins et al.
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5.2. SCANNING MICRO PROBE MEASUREMENT OF NANOTUBE
CONDUCTANCE
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Figure 5.2: In-situ SEM measurements of MWCNT conduction until breakdown. a) Images show
the C-MWNT before and after a bias voltage sweep. b) Another C-MWNT that failed at the kink
in the middle of the gap. c) IV curves from the MWNT, acquired during the bias voltage scan.
They are representative of the curves acquired in SEM.

5.2.2 In-situ SEM Measurements

In order to study how and where the nanotubes failed or burned, experiments similar
to those made by Dohn in air, were attempted with the in-situ SEM setup at MIC
(Sect 2.3.2). Based on the results by Collins et al. [122] the e ect of performing the
experiment in vacuum, rather than under ambient conditions, was anticipated to be
an observation of slightly higher bias voltages before failure.
In the SEM it was considerably more di cult to achieve good contact to the

nanotubes than in air. The nanotubes did not adhere well to the underlying surface
and had a tendency to move around when touched by the probe. It was practically
impossible to achieve contact to the nanotubes if they were not well aligned with
the probe tips, and the probe had to be moved around while pressing down on the
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nanotube to achieve contact. Conductances of the order of 0 could be achieved on
most nanotubes, but the IV measurements had a considerable noise level compared to
the measurements in air, which is understandable given the di culty in achieving a
stable contact. The nanotubes generally burned in a single event, too fast to observe
any time resolved decay of current with the Keithley Sourcemeter, and sequential
change in conductance of the nanotubes by repeated application of high bias voltages
was not observed. This is in contrast to the results by Collins et al. [122], who were
able to make sequential reduction of conductance of MWNT in vacuum.
The images in Fig. 5.2 show two C-MWNT before and after applying a high bias

voltage together with the acquired IV curves. The nanotubes had a tendency to burn
at kinks (Fig. 5.2b) and possibly also near included catalytic particles. After the
nanotube has burnt into two pieces, the remaining ends are usually deflected as if the
nanotube had been under stress when it was intact, and this might have increased
the rate of oxidation [155].

5.2.3 Summary

Sequential reduction in the nanotube conductivity was observed by scanning conduct-
ance microprobe measurements in air for about every third of the tested C-MWNT.
The current saturation was observed when applying bias voltages of about 1.5-3 V.
The resolution in the optical microscope was however not su cient to resolve if any
changes were taking place within the nanotube before breakdown. The vibration
level and drift in the setups, especially in the SEM setup, was a potential problem
because the scanning conductance microprobe measurements were very sensitive to
motion of the probe. When applying a high bias voltage in vacuum, the data ac-
quisition was unable to resolve the time dependence of the rapidly decreasing current
ta breakdown, which appeared to fail in a single step. The image resolution in the
SEM experiments was not su cient to reveal of the nanotube burned near internal
catalytic particles or defects, but the nanotubes typically failed at kinks if such were
present.
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5.3. TEM INVESTIGATION OF MWNT SHELL BURN EXPERIMENTS

5.3 TEM investigation of MWNTShell Burn Experi-
ments

The limited resolution and high noise of the SEM experiments, led to the development
of the TEM-Chip system to achieve high resolution images of the nanotube structure
during the shell burn experiments. If the TEM-Chip investigation of the shell burn
process is feasible, more detailed studies should be initiated to thoroughly characterize
the behavior of di erent types of MWNT, since proper modelling of these complex
nanosystems seem to require detailed knowledge of the dependence on the internal
structure of the individual tube.

5.3.1 Setup and Probe Preparation

The setup for the TEM-Chips was described in Sect. 2.3.3. Individual C-MWNT
bridges between microcantilevers were made by manipulation with an etched tungsten
tip in an optical manipulation setup (Sect. 2.3.1).

The bridge resistance was often in the 100 k range when the nanotube was
initially placed on the cantilevers. Temporary condensation of water onto the chip
surface usually resulted in bridge resistances below 50 k for about every other tested
nanotube. The capillary forces during drying of the chip can apparently pull the
nanotube into close contact with the cantilever surface. The temporary condensation
can be achieved simply by breathing on the chip. Once a bridge has been made, the
device is extremely sensitive to electrostatic discharges. Outmost care must be taken
to ensure proper grounding during handling of the device.

The TEM investigation was done in a Philips EM 430 operating at 100 keV.
The TEM analysis was made at low beam currents, with short exposure times on
the bridging MWNT, and liquid nitrogen cooling of the TEM cold finger to avoid
damaging it (see Sect. 5.4). No major influence was observed on the electrical
properties of the TEM-chip devices by the TEM investigation.

The experiments were made using an improved computer programs to control
the IV acquisition. In the initial program used for the scanning conductance probe
measurements, the acquisition did not provide information about the possible time
dependence of the conductance. A new program was made that stopped the voltage
sweep (IV curve) during a shell burn experiment when predefined voltages was reached
or current saturation occurred ( = 0). When the sweep was stopped, the
current was recorded as function of time (It-curve) until the user chose to continue
the voltage sweep or to start from zero bias voltage in a new sweep.
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5.3.2 Experimental Results and Discussion

This section will first describe a typical TEM image sequence for shell burn experi-
ments performed in air to provide an overview of the general e ects that have been
observed. Then an overview is given of the electrical measurements that have been
done, in order to find the general characteristics of the C-MWNT sample. Finally the
acquired IV and It curves are discussed, and the shell burn experiments performed
in air are compared to similar experiments performed in a nitrogen flow.

Shell Burn Performed in Air

Figure 5.3 shows a typical sequence of the progressive burning of a nanotube in
air, where shell burn experiments have been performed between each TEM image.
The nanotube clearly becomes thinner in the middle part of the bridge and also
severely damaged in the vicinity of a large catalytic particle. It is assumed that all
observed particles in the C-MWNT are catalytic Fe particles, although this has not
been verified by EDX or similar measurements. Another catalytic particle is visible
within the interior cavity of the nanotube in the upper part of the image. This particle
does not cause damage to the nanotube and only moves slightly in the images. The
catalytic particles in the nanotube interior generally move and deform very much as
described in the work by Kim et al. [161].
The graph in Fig 5.4a shows the distribution for the tested devices of gap length

between the cantilevers, and C-MWNT cross sectional area (neglecting the
narrow inner hole). The length of the cantilever gap span the range 0.7-8 m. Howver,
the length between contact points of the nanotube located on top of the cantilevers,

could be larger than the gap length as shown in the inset in Fig 5.4a. It does
however seem that the nanotubes probably make contact close to the edge of the gap,
since the measured resistance is reasonably linear with gap length for the investigated
nanotubes. The measured resistance as function of length seems to be linear through
origo, indicating a negligible contact resistance. Fitting gives a contact resistance
of 0.5 k which is less than 10 % of the measured resistances and the cantilevers
alone contribute with about 90 to that value. The observations indicate that
the nanotubes are di usive conductors with resistance = and the measured
resistivities are scattered in the range 20-100 times the in-plane resistivity of graphite
( =5*10 5 cm), which is comparable to the results by Dai et al. [129].
Most nanotubes burned somewhere in the visible region of the gap, indicating

that heating was mainly taking place in the suspended part of the nanotube rather
than at the contact point. This is in agreement with the expectation of low contact
resistance and di usive transport. Ballistic conductance would imply that most heat
was dissipated at the contacts and little if any dissipation would be in the nanotube
[162].
Fig 5.4c shows that the nanotubes burned at a bias voltage about 2 V, almost
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5.3. TEM INVESTIGATION OF MWNT SHELL BURN EXPERIMENTS

independent of gap length. Since it is independent of length, it is not likely to be
related to an electrical breakdown phenomena in the nanotubes which would normally
be determined by the electrical field in the nanotube ( = ) reaching some
limiting value. The constant saturation value taken alone could be taken as indication
of a breakdown phenomena at the contacts at 2 V, but this is in contradiction with
all the above observations indicating Ohmic behavior of the nanotube. Although the
2V limit seems to be very constant, it could be a fortuitous coincidence of nanotube
length, diameter and conductance, making the nanotubes burn at this voltage, but
this is unlikely given the wide spread in the tube dimensions as shown in Fig 5.4a.
The peak current density reaches 106 107 A/cm2 for all nanotubes comparable to the
current density observed by Lee et al. [133]. Measurements on the same nanotube
with di erent gap lengths should be done to study if the saturation voltage is indeed
independent of length.
By plotting the peak power dissipated in the nanotube in Fig 5.4d, it is apparent

that the peak power is quite di erent for the studied C-MWNT, but seems to be
limited to about 1 mW. The wide scattering in peak power is in sharp contrast to
the relatively constant peak voltage2.

2A corresponding scattering is found in the data if the peak power×area is plotted. This should
give an indication of the peak temperature proportional to length from Eq. 5.3.
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Figure 5.3: A series of TEM images of a C-MWNT, bridging two cantilevers on a TEM-Chip,
and showing the progressive destruction due to shell burn experiments in air. The 3 corresponding
IV and It curves recorded between the TEM images are shown in Fig 5.5. a) Overview images.
The dotted white line indicates the motion of a catalytic particle within the nanotube cavity. The
nanotube breakdown primarily takes place in the vicinity of a catalytic particle incorporated in the
shell structure. The middle part of the tube is also considerably thinned down during the shell burn
experiment. Four close-ups TEM images are shown below, each from the above image in (a): b) The
largest catalytic particle with a thin carbon coating. c) The destroyed shell structure just above the
catalytic particle. d) The large catalytic particle. e) A new layered carbon shell structure formed
around the catalytic particle during TEM analysis.
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Figure 5.4: Overview of the electrical properties of those devices that achieved good contact to
the MWCNT (R 50k ). a) There is a wide spread in both tube area and gap length. b) Measured
zero bias resistance versus length show that the tubes are di usive conductors on the micron scale
and have a (almost negligible) contact resistance of the order 0.5 k . The inset shows how the gap
length not necessarily reflects the true length of the nanotube between contact points. c) At high
bias voltages the current saturation occurs at a relatively constant voltage of about 2 V, for almost
all tubes, independent of length. d) The maximum power dissipated in the bridges does not exceed
1 mW and is about 0.5 mW for most samples.
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Discussion of the IV and It Curves

The following discussion is based on the data acquired for the nanotube shown in Fig
5.3, which is representative for the observed behavior of the investigated nanotube
devices. Di erent models are briefly discussed that could explain the IV character-
istics and a simple model is found that describe the IV data well.
Figure 5.5a shows the sequential IV curves measured on the nanotube shown in

Fig 5.3. The voltage sweep was started at 0V, and initially every 0.2 V the sweep
was stopped temporarily to observe the time dependence of the current at fixed bias.
As the saturation point was approached, more stops were made in the sweep. The
current dependence with time is shown in Fig 5.5b. At low bias voltages up to a bias
voltages about 1.5V, the decay rate is negligible (of the order nA/s). Above 1.5 V,
the decay rate increases and appears linear in time for the acquired time series for
bias voltages up to about 1.7 V.
Above 1.7V the current decay with time can be fitted well with an exponential

decay towards a steady state value. If only the initial 10 seconds of the exponential
decay with reasonably linear behavior is considered, the decay rate of the current
increases linearly with bias voltage as 16 A/s per volt bias. The logarithm to the
measured decay rates are not obviously linear functions of power and it is therefore
di cult to relate the decay rate to an estimated temperature (Eq. 5.3) and corres-
ponding Arrhenius like dependence of oxidation rate (Eq. 5.4).
The periods with fixed bias voltage cause the vertical steps at high bias voltage

in the IV curve Fig 5.5a. These steps conveniently indicate how the time factor is an
increasingly important factor for the shape of the IV curve at high bias voltages.
The IV sweep is nonlinear, even at low bias voltages 1.5V, with conductivity

increasing with voltage. This is in accordance with the published observations dis-
cussed in Sect. 5.1.1. The electrical and thermal conductivity generally depends on
temperature. The joule heating of the bridge by the dissipated power can influence
the measurements depending on the temperature coe cient of resistance and thermal
conductivity of the nanotube (and thermal and electrical contact resistance, which
will be neglected below). A simple model can estimate the e ect of the self-heating
of the nanotube due to the dissipated power. To first order, the linear temperature
coe cient of resistance gives

= 0(1 + ( 0)) (5.5)

Using = 0 and Eq. 5.3, one can estimate the e ect of the dissipated power
in the nanotube resistance if the material constants are known. For carbon fibers,
has been measured to lie in the range [ 0 13; 0 02] %/K [163] and given the di usive
transport and defect density of the C-MWNT in this work, these values are probably
reasonable estimates for the present sample. Measurements by Vincent et al. [152]
give resistance as function of temperature as [ ] = 2 106 820 and hence
a value of = 0 0 41% which falls within the values found for carbon fibers,
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although the measured resistance was rather high compared to our devices. We
did attempt to do one cryogenic measurements on a MWNT on a TEM-Chip3. The
measured temperature coe cient was in the range [ 0 2; 0 02]%/K. Based on these
results the nanotubes studied here seem to have negative temperature coe cient of
resistance within the expected range fro . The discussion in many published works
discusses the temperature dependence of resistance, but Zhou et al. [146] discussed
the temperature dependence of conductance for their C-MWNT sample, which they
found to be highly linear in the wide range of temperature 50-800 K. For su ciently
small ¿ 1 the two following equations are approximately identical

= 0 (1 ) = 0

μ
1

8

¶
(5.6)

= 0 (1 + ) = 0

μ
1 +

8

¶
(5.7)

From the data presented by Zhou et al. seems to have a value of about 0.1%,
and covers a range of about 0.3. In this case the two above equations will no
longer be equal at all temperatures and the results by Zhou et al. do not look linear
of plotted as R vs T. To get an indication of which equation (Eq 5.6 or 5.7) that
describes the present nanotube sample best, Fig 5.5 plots = and =
vs. dissipated power = for the voltage sweeps. All and vs. are
surprisingly linear, especially when considering that the considerable tube damage
from one voltage sweep curve to the next. The linearity of both and vs.
indicates that is small in the present case.
The curves in vs (Fig 5.5a) are slightly curved for all three shell burn sweeps,

while the vs curves (Fig 5.5b) appear more linear for all three shell burn curves.
For the vs curves at high powers, the inclination is slightly lower, but this can be
explained by the shell burning taking place while the sweep is being done at high bias.
The sequential shell burn curves have almost the same inclination for each individual
sweep in the vs curves, and this is also the case for the results made by scanning
four point probes in air by Søren Dohn. This make it tempting to suggest Eq. 5.6
as a phenomenological model for the MWNT conduction in the present sample. The
apparent applicability of Eq. 5.6 is beyond expectations, since the nanotube behaves
linearly even after several shell burns have been performed on it and has been almost
broken in two pieces as shown in Fig .5.3.
The thermal conductivity of the nanotube also enters into Eq. 5.3 and cannot

be assumed to be constant based the measurements reported on literature [164]. It
would be interesting to verify if the better fit of Eq. 5.6 than Eq. 5.7 also holds for

3This experiment was done at Copenhagen University in collaboration with Jesper Nygård and
Thomas Sand, to test if cryogenic measurements were at all possible. The resistance increased as
the temperature was lowered and contact was eventually lost at 150 K.
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tubes heated externally rather than by dissipated power. Measuring IV curves of the
C-MWNT at various temperatures should provide such information. This experiment
is planned to be done in the near future.
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Figure 5.5: Electrical measurements on C-MWNT in air with both bias voltage scan and obser-
vation of the current as function of time for temporarily fixed bias voltages. a) IV curves showing
sequential reduction of conductance after reaching the current saturation point. The inset shows
the tube image sequence from Fig. 5.3. The vertical parts of the curve appears when bias has been
kept fixed temporarily. b) The current as function of time during periods with temporarily fixed
bias voltage. The current decreases faster as the current saturation point is reached and crossed. c)
Device resistance in units of 0 =

1
0 versus disspated power = · d) Conductance G/G0

versus . For fixed voltage during the time sequences, the G-P curve follows lines G=P/U2 The
dependence is for all voltage sweeps of the type G=aP+b (Eq. 5.6). The R vs P graph, which does
not follow the linear prediction by Eq. 5.7 as well as the G vs P graph follows Eq. 5.6.
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Figure 5.6: Shell-burn curves performed on a C-MWNT in nitrogen. a) IV curves. The voltage
was kept fixed when saturation was reached and the current was followed as function of time. The
areas with dark rings encircle the regions with most damage to the tube structure. b) The current
vs time for the curves in (a). This is one of the few shell burn curves that display a resemblance to
the results by Collins et al [122] with stepwise reduction of current. c) G vs P graph. The sweep
follows Eq. 5.6 remarkably well for both sweeps.

Shell Burn Performed in Nitrogen

In the SEM experiments, the nanotubes were observed to fail in a single step. To
study the e ect of shell burn in an inert environment, shell burn experiments were
done with a flow of nitrogen directed onto the nanotube. The nitrogen flow was
directed onto the TEM-Chip from a handheld plastic tube. In these experiments the
possibility of a spurious draft of air cannot be excluded, and the results can only
be taken as an indication of what would probably happen if the experiments were
performed in a truly inert environment.
Fig 5.6 show both the TEM images of the nanotube and the IV, It and G vs. P

curves. This is one of the few cases where a step wise reduction in current was seen.
This could be interpreted as the individual "shells" in the nanotube burning o one
by one. The step size is not as constant as those reported by Collins et al. [122].
The irregular step size in the present experiment could partly be due to the nanotube
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5.3. TEM INVESTIGATION OF MWNT SHELL BURN EXPERIMENTS

being under stress, since its a suspended nanotube not supported by a substrate as
those used by Collins et al.. Figure 5.5g show the vs plot for the nitrogen
experiment, which follows the Eq. 5.6 remarkably well for both shell burns.
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5.3.3 Summary

Pristine individual C-MWNT were manipulated by etched tungsten tips to make
bridges between microcantilevers on TEM-Chips for TEM investigation and elec-
trical measurements. The contact resistance was reduced by making water condense
temporarily onto the sample. The nanotube bridges had resistances increasing lin-
early with the length of the cantilever gap, and seemed to have a negligible contact
resistance. The nanotubes were found to be di usive conductors with a resistivity
20-50 times that of the graphite in-plane resistivity. Shell burn experiments were
performed by sweeping the applied bias voltage and recording the current through
the nanotube. The current increased until a saturation point would be reached at
about 2 V. At the saturation point the bias voltage was kept fixed and the current was
observed to decrease over time. The current decrease indicates a slow burning of the
heated nanotube in air. Before and after a shell burn experiment, the nanotube was
imaged in TEM. The saturation voltage of 2 V was inexplicably constant compared
to the dissipated powers and estimated temperatures when shell burning was taking
place. Time was found to be an important factor for the shape of the IV curve when
current saturation was approached.
The simplest first order equation for the temperature dependence of resistance

and conductance was compared to the results. The tubes had reasonably linear
dependence of both resistance ( ) and conductance ( ) as function of dissipated
power ( ). For the described devices, plots of vs appeared more linear than
that of vs Further studies of the temperature dependence of conductance is
needed to link the observations with a specific model for MWNT conduction such as
those described in the beginning of the chapter.

5.4 Electron Irradiation Induced Destruction of
Carbon Nanotubes

Already with the first TEM images recorded in the project, it became apparent that
the carbon structures were damaged by the TEM electron beam. Several publications
have described irradiation e ects in carbon structures, since TEM and SEM are
standard tools to image carbon nanotubes and similar structures [165]. For the
present study, the TEM was operated at 100 keV. As will be discussed below, 100
keV irradiation is generally considered safe for imaging MWNT. The cause of the
observed nanotube damage was hence a puzzle, and for the TEM chip measurements
also a serious problem that had to be solved. Using low beam currents improved
imaging conditions and resulted in lower damage rates than high beam currents. To
study the damage e ect we have used high current densities. The beam current has
not been measured, but an upper order of magnitude estimate of the beam current
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density4 must be max =103A/cm2.
Several studies of electron irradiation induced damage and the dependence on

beam energy and irradiated dose have been published:

• Ajayan et al. [166] observed slow removal of carbon atoms from a SWNT at 200
keV which destroyed the nanotube in 30 min. The beam current density was
about 10 3

max corresponding to a dose of the order 103 C/cm2 They explained
their findings by knock-on collisions, and expected a threshold energy for the
process of 120 keV.

• Smith and Luzzi [128] observed no deformation of SWNT at 80 keV at a dose
of 3 104 C/cm2 At 100 keV they observed strong deformation of the nanotube
structure at 104 C/cm2. At 200 keV the nanotube turned completely into
amorphous carbon at a dose of 5×103 C/cm2 The disordering is attributed to
2 3 transitions of the carbon atoms, causing cross-linking between adja-

cent planes in a nanotube. They discussed the di erence between MWNT and
SWNT and concluded that 100 keV can be used for routine imaging of MWNT
while 80 keV is required for SWNT. This also indicates our experiments are
performed at a safe energy level, though at max severe deformation is expected
on a time scale of the order several seconds.

• Banhart [143] also observes SWNT to deform under intense 200 keV irradiation
and notes that heating the samples stage to 300-700 C has been shown to de-
crease the rate of defect creation since it enables broken bonds in the structure
reform. Banhart [167] has also observed the slow graphitization of amorphous
carbon at 80 keV irradiation, which did not influence carbon nanotube struc-
tures embedded in the amorphous carbon, in agreement with the results of
Smith and Luzzi. Recently, Li and Banhart [168] have shown how a 300 kV
TEM beam can be used to controllably deform MWNT and SWNT.

• Crespi el al. [169] find complete collapse and disordering of MWNT at a dose
of 300 C/cm2 at 800 keV. They observe that the knock on collisions primarily
remove atoms in planes perpendicular to the beam in accordance with models
of such collisions [169][128].

The reported observations of irradiation damage at 80 keV and 100 keV did not
show sign of removal of material from the nanotube [128][167]. Rather amorphous
carbon did appear to accumulate in the images presented by Smith and Luzzi, unlike
the observations by Ajayan et al. at 200 keV where the nanotube eventually disap-
peared [166]. From the above observations, one should expect that MWNT irradiated
with max at 100 keV should be safely below threshold, while SWNT should turn into
amorphous carbon.

4Assuming 0.1 A beam current at condenser lens setting "spot 2" and a beam area of (0 1 m)2at
high magnification.
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0 min 7 min 13 min10 nm 10 nm 10 nm

Figure 5.7: TEM image sequence showing the progessing destruction of the carbon shells structure
with time under intense electron beam irradiation.

5.4.1 TEM observations of Nanotube Irradiation Damage

The TEM image sequence in Fig 5.7 shows a multiwalled carbon nanotube slowly
being destroyed under the beam exposure. After 15 minutes at high beam current
the nanotube structure has been completely removed. Even very large MWNT as
the one shown in Fig. 5.8 can be considerably damaged by prolonged exposure to the
beam.
From the cross section of both the small (Fig 5.7) and large nanotube (Fig. 5.8)

it seems that a considerable fraction of the outer shells have been removed while the
inner shells are less susceptible to irradiation induced damage. Irradiation induced
cross-linking of the carbon bonds would be expected to appear throughout the nan-
otube and convert the shell structure to amorphous carbon. Knock-on collisions are
expected to mainly attack graphene planes perpendicular to the beam, but the ob-
served damage also seems to be considerable to the planes parallel to the beam on
the outer shell. The nanotube does not collapse as reported in the 800 kV experiment
[169]. In both nanotubes (Fig 5.7 and 5.8), the damage to the outer shells could be
interpreted as the formation of pits in the structure, though one should be careful
when interpreting the TEM images. Such pits are known to form by oxidation (Sect
5.1), which would also explain why material appear to be removed from the nan-
otube surface, and not in a uniform manner throughout the nanotube or the walls
perpendicular to the beam. The question is what causes oxidation in the vacuum
environment.
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Figure 5.8: Irradiation damage on a large C-MWNT. a) The inital overview image of the suspended
C-MWNT. b) The same tube after extensive imaging at high resolution with a focused beam.
the inner shell structure appears relatively una ected, vhile the outer structure has been severely
damaged. c) Close-up of the outer shell structure, illustrating how regions with bent shell structure
cause the dark regions visible in the overview images. The inner shells are well graphitized, while
the outer shells appear relatively damaged.
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5.4.2 Electron Irradiation Induced Chemical Reactions with
Nanotubes

The removal of carbon by chemical reactions has been observed in other in-situ experi-
ments with carbon nanotubes. As described in chapter 4, a carbonaceous background
gas can cause deposition of amorphous carbon on irradiated structures. The e ect is
caused by inelastic scattering leading to ionization and dissociation, and this e ect is
dominant at low energies by electron-electron collisions compared to the high-energy
knock-on collisions discussed above [167][165]. Depending on the type of background
gas, the inelastic collisions can cause either deposition when for instance hydrocarbons
are present, or etching if gasses such as water or oxygen are present [170].
For nanotubes samples, Gogotsi and co-workers [171][172] have observed that wa-

ter enclosed in the nanotube interior can cause etching holes in the MWNT structure
if irradiated by a su ciently intense electron beam in TEM. The etching was believed
to be caused by the reaction

+ 2 2 2 + 2 2 = 82 4 (5.8)

In addition to the water reaction, carbon can be removed from the nanotube
structure by the following reactions

+ 2 2 = 393 5 (5.9)

+ 2 2 4 = 74 81 (5.10)

Both oxygen and hydrogen can be present in the vacuum chamber, and also
adsorbed on the nanotube (and in the case of hydrogen also released from the water
reaction). Though energy is released in the reactions, an activation energy is needed
to initiate the reaction (Eq. 5.4).

5.4.3 Can TEM Cause Etching of Nanotubes ?

A plausible explanation for the observed damage to the MWNT is that an oxidation
is taking place on the outer shell, activated by the electron irradiation. The oxidizing
agent could be oxygen (Eq. 5.9), water vapor (Eq. 5.8), hydrogen (Eq. 5.10), or
unknown compounds adsorbed on, or absorbed within the MWNT. That absorbed
compounds within the nanotube should cause the damage is unlikely, since the e ect
appear to occur at the outer surface. Nanotubes that have been used for shell-burn
experiments, where the outer layers have been removed, are also damaged, so it
seems likely that the predominant species that could be adsorbed on the nanotube
surface must be water or oxygen from ambient air. Oxygen and water vapor are
abundant and especially water could adsorb on the sample holder in air and in this
way be transferred to the TEM chamber. A leak in the TEM vacuum system could
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in principle also increase the water and oxygen or water vapor pressure in the TEM
vacuum system, but the vacuum was in fine condition during the experiments.
The TEM is equipped with a cold finger that can be cooled by liquid nitrogen,

making plates above and below the specimen holder reach temperatures low enough
to condense water and carbohydrates out of the vacuum chamber. A cold finger
is normally used for condensing carbohydrates to avoid electron beam deposition
in the TEM. Water has a vapor pressure of 10 8 Pa at -100 C [173], and even
lower at liquid nitrogen temperatures, while oxygen has a vapor pressure of 104 Pa at
liquid nitrogen temperatures [173]. In the high vacuum TEM chamber, hydrogen and
oxygen cannot be removed from the background gas while the water vapor pressure
should be drastically reduced at liquid nitrogen temperatures.
Since the damage primarily attacks the outer shell, single wall nanotubes (SWNT)

would probably be highly sensitive to the e ect. This was tested experimentally: A
lacy carbon grid was dipped into a sonicated isopropanol dispersion of HiPCO SWNT
[174]. The grid was dried and it was attempted to acquire high resolution TEM images
of the SWNT. Figure 5.9a-b shows a low resolution TEM image of the SWNT sample
before and the attempt to image at high resolution. It turned out to be impossible
to achieve high resolution images of the SWNT as they practically disappeared as
the beam was focussed on them. This could in a way be expected considering the
possibly very high current density in the beam and the damage rates reported in
literature at such irradiation doses [128][166].
The cold finger was then cooled with liquid nitrogen and a new attempt was made

to image another region of the SWNT sample. The SWNT were now stable even at
high magnification with focused beam and high beam current. Figure 5.9 shows a
small nanotube bundle extending from the sample being almost una ected by 14
minutes imaging. The nanotube bundle did not appear to be reduced in diameter or
density, but rather seemed to deform slightly, as expected since knock-on collisions
will create disorder in the structure.
The observed damage to the SWNT when using a cold finger could be caused by

electron irradiation induced disordering in the nanotube structure [128]. The very
limited damage rate when using the cold finger indicates that the actual beam current
density in the TEM is considerably lower than above estimated maximal beam current
density, max. The above observations seem to support the hypothesis that water is
the primary cause for the etching of the nanotubes from the outer shell. By using
a cold finger at liquid nitrogen temperatures, the water can be frozen out of the
background gas and imaging of nanotubes can be done for tens of minutes with very
limited damage to the nanotube structure. If indeed water is such an important factor
for the observed irradiation damage, it could also explain the discrepancy between the
observations at 200 keV of Ajayan et al. and Smith and Luzzi, where Ajayan observes
loss/etch of carbon while Smith and Luzzi observe deformation of the structure and
deposition of carbon.
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Fast Carbon Etch without Cooling

Slow Irradiation Damage with Cooling
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200 nm 200 nm

Figure 5.9: The irradiation induced damage rate and type of damage depends on the cold finger
temperature. a-b) HRTEM was attempted on a lacey carbon grid with SWNT without cooling the
cold finger. As the beam was focused to achieve a higher magnification the SWNTs were rapidly
disappearing. About 30 minutes of irradiation mainly in the encircled region removed a large fraction
of the exposed SWNT sample. c-d) Cooling the cold finger with liquid nitrogen made it possible to
image at high magnification. Image (c) and (d) show the same sample before and after 14 minutes
exposure to the focused beam at high magnification. Without cooling, focussing would not have
been possible and such a small structure would have dissappeared in a couple of minutes. Little -if
any- material is removed during the 14 minute exposure with wooling. The change in the SWCNT
structure with cooling is probably mainly due to disordering rather than etching.
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Figure 5.10: SEM induced etch of C-MWNT. a) TEM image of a small Ø22 nm C-MWNT adhering
to a large C-MWNT suspended between two cantilevers. b) The lower part of the small C-MWNT
was exposed to 5 keV SEM beam for 4 minutes by selecting a small region of interest (ROI). c)
TEM image after the SEM exposure shows a considerable damage to the exposed part of the tube.
d) Imaging in TEM without cooling eventually also damaged the tube.

5.4.4 Nanotube Damage in SEM

As discussed in Sect. , the ionization and dissociation cross sections for gas molecules
are generally peaked at low energies, indicating that secondary electrons might be
the main cause of irradiation induced etching. If secondary electrons are the main
initiators of the etching process, SEM imaging of carbon nanotubes could also have
an influence on the nanotube structure despite the beam energy being well below
the above listed thresholds for TEM irradiation damage. The image sequence in Fig.
5.10 show a small C-MWNT first imaged in TEM, then transferred to the MIC SEM
where a part of it was exposed for 4 min at 5 keV and then finally returned to the
TEM to observe the e ect of the SEM exposure. In the initial TEM image, the
small C-MWNT had what appeared to be well graphitized shells. The SEM image
shows a small region of interest (ROI) with area of 0 05 2 that was positioned to
only expose the lower part of the nanotube to the scanning beam. The electron beam
current was not measured but is expected to be in the range 100-400pA from previous
measurements on the MIC SEM. The accumulated dose during a 4 min exposure in
the region of interest is hence of the order 1 C/ m2 The nanotube was then imaged
in TEM again. Figure 5.10c shows that the exposed lower part of the nanotube has
been severely damaged by the SEM irradiation, while the upper unexposed part is
relatively una ected. As expected, continuous exposure in the TEM further damaged
the nanotube as shown in Fig. 5.10d. In the first image, the nanotube has a diameter
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of about 22 nm and after the SEM exposure the diameter has at least been reduced
to 17 nm, corresponding to the loss of about 7 shells. The observed etch rate is in
this case of the order 10 shells per C/ m2 (or 0.1 shell per C/cm2).
The etch rate imposes strict limits on the allowable exposure of carbon nanotubes

devices if defect free nanotubes are required. For EBL the required dose for exposing
the resist is normally of the order 10 C/cm2. The EBL exposure itself is hence
orders of magnitude too low to remove an entire shell from a carbon nanotube, but
would give rise to a damage probability of removing 1 per 106 atoms for a SWNT. A
(10,10) SWNT has 2 105 atoms pr m. The EBL exposure alone could cause a defect
for every 5 nanotube length. For EBL devices, the nanotubes are usually located
by SEM to prepare the EBL pattern, before resist is spun onto the sample5. Such
SEM imaging will expose the nanotubes to a higher irradiation dose. Two additional
factors might increase the etch rate: the nanotubes supported by a surface might have
a small capillary water meniscus below them, and the SE yield from the supporting
surface is likely to be much higher than from the nanotube itself; finally, the chemical
reactions taking place in the EBL resist might also cause nanotube damage. These
considerations imply that for EBL exposure, multiwalled carbon nanotubes could be
damaged in the outer layers by the process, and in the case of SWNT defects must
be expected. The initial SEM imaging and EBL should probably be done in vacuum
chambers with cold fingers to avoid damaging the nanotubes. It is planned to install
a cold finger in the SEM to test if cooling would reduce the SEM etch rate as well.
Although the question regarding the cause of the TEM and SEM irradiation induced
damage may have been answered, it is still puzzling that such damaging e ects have
not been reported much in literature, considering the amount of work done on EBL
based nanotube devices and TEM irradiation e ects. If the majority of EBL devices
have been made in SEM with a carbonaceous background gas, the etch rates might
be lower and the deposition e ect has been dominating.

5Though some use AFM to image the sample and prepare the pattern in order to avoid carbon
deposition during SEM imaging [26].
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Figure 5.11: TEM damage to InP nanowires (without cooling the cold finger). a) TEM overview
image of the InP nanowire bridging two cantilevers. The inset shows an optical microscope image of
the device. b-c) The TEM induced etching could be used to remove the small additional nanowires
by focussing the beam onto them for a couple of minutes. The small wires were almost removed by
the exposure to the beam while the main wire was largely una ected by the nearby intense electron
beam.

5.4.5 InP Nanowire Damage in TEM

Apart fromC-MWNT and SWNT, a fewTEM-Chips were prepared with InP nanowires6

to test if such nanowires could be studied by the TEM-Chip method as well.
The InP wires are known to be have an oxide layer on the surface [176]. The

prepared devices often had resistances of the order several M when the wires had
been placed on the cantilevers. After the TEM investigation some bridges were
observed to have a linear IV characteristic in the bias voltage range +/-100mV. The
resistance was comparable to those of EBL devices made from similar InP wires, where
the resistance was determined by the nanowire length as = 40 k +45 k / m
[176]. The TEM irradiation apparently improved the contact resistance for some
devices. As shown in Fig 5.11, the TEM beam was also observed to damage the InP
wires and could be used to remove small wires completely. When the wires appeared
layered, especially the outer layer was susceptible to the irradiation induced damage,
and this could relate to the improved contact resistance after TEM irradiation. It
has not yet been tested if cooling the cold finger prevents damage on the InP. It is
interesting that the TEM beam can be used to selectively remove InP nanowires from
the devices, though the underlying processes and chemical composition of the layers
and the remaining residues remain to be investigated.

6Sample supplied by Erik P. A. M. Bakkers from Philips Research Laboratories, Eindhoven [175]
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5.4.6 Summary

It has been observed in TEM that the outermost shells of C-MWNT are damaged
and removed by electron irradiation, while deeper layers in large diameter nanotubes
appear una ected. SWNT were observed to be very susceptible to the irradiation
induced removal of carbon. The rate for irradiation induced loss of material could
be reduced to a negligible level by cooling the cold finger on the TEM. With cooling,
the damage e ect changed to a slow deformation rather than loss of material. The
deformation can be explained by the irradiation induced disordering of carbon shell
structures [168].
Since cooling the cold finger can drastically reduce the loss of carbon, water seems

to be an important factor causing etching of carbon structures under electron radi-
ation. Water is the only substance readily available in the setup that can react with
carbon and also be removed by cooling the cold finger. SEM irradiation of C-MWNT
at 5 keV was observed to cause loss of material as well, indicating the process can take
place well below the 80 keV threshold for knock-on collisions reported by [128]. The
observation that the damage can even take place in SEM is important, not only for
the work with nanomanipulation but also for production of carbon nanotube devices
with EBL. Finally, irradiation induced material loss was observed in InP nanowire
devices, and could be used to selectively remove nanowires and often improve the
contact resistance of the bridging nanowires lying on cantilevers.

5.5 Conclusion and Outlook

CVD produced multiwalled carbon nanotubes (C-MWNT) were used to test scanning
micro conductance probe measurements on nanotubes in air and in-situ SEM. The
limited resolution of the images in the instruments and high sensitivity to vibrations
and drift during the measurements led to the development of the TEM-Chip system
described in Sect 2.3.3.
The TEM-chip system was used to investigate where and how the C-MWNT

would burn in air and nitrogen. Reliable and stable contact could be achieved to
about half the nanotubes placed onto the cantilevers by the described procedure.
The nanotubes appeared to be di usive conductors and had a resistivity 20-50 times
that of in-plane graphite resistivity. The nanotubes were capable of sustaining current
densities up to 107A/cm2 and dissipated powers below 1 mW. The TEM-Chips made
it possible to observe the C-MWNT with atomic resolutions and follow the detailed
changes in the structure of the nanotube when high bias voltages had been applied.
The nanotubes primarily failed in the middle of the gap between the two cantilevers
supporting the nanotube, in accordance with expectations for joule heated di usive
conductors. However, the onset of current saturation and burning of the shell struc-
ture was remarkably constant at about 2 V bias voltage for most nanotubes. TEM-
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Chip measurements of the nanotube conductivity was found to be linearly dependent
on the dissipated power even for nanotubes that had been subjected to several shell
burn experiments. Whether this linear dependence corresponds to a highly linear
dependence of conductivity on temperature remains to be investigated.
The e ect of TEM irradiation on MWNT and SWNT was studied. It was found

that water vapor is likely to cause etching of the outer layers of carbon structures
under electron irradiation, even with beam energies that were otherwise expected to
be harmless to MWNT. The etching rate could be reduced to an almost negligible
level by cooling a cold finger in the TEM by liquid nitrogen. TEM irradiation was
also damaging to the structure of InP nanowires.
SEM irradiation of a MWNTwas found to create pits in the shell structure, just as

the TEM irradiation, indicating that care must be taken when imaging nanostructures
in both SEM and TEM.

5.5.1 Outlook

The reliability of the TEM chip system has been demonstrated, and the ability to use
the wide variety of microfabricated probes, such as grippers, opens up unprecedented
opportunities. If a nanowire is suspended between the actuators of a gripper, it
should in principle be possible to study both the electrical, and mechanical properties.
The experiment would resemble that of piezoresistive measurements on the soldered
carbon nanotube in Sect. 4.5.3. But instead of using an tungsten tip to actuate the
cantilevers, the gripper could be used (if su cient gripping force is available). This
would make it possible to perform the experiment under a wide range of conditions
such a cryogenic, or various environments, and TEM analysis can be done between
experiments. Its worth noting that important material constants such as the thermal
conductivity can be measured by a lock-in four point conductance setup by the so-
called 3 -method [177].
Experiments are planned to do a more quantitative measurement of the beam

current density and the dependence of etching on the irradiated dose. It will also be
attempted to leave the sample overnight in the vacuum chamber to see if that reduces
the etch rate. This simple experiment should make it possible to determine whether
the water source is the limited amount of water adsorbed on the specimen holder or
some other source such as a leak around the specimen holder.
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Chapter 6

Summary

This Ph.D. project aimed at developing new tools for manipulation, assembly and
characterization of three-dimensional nanometer-scale structures.
To achieve the high spatial resolution required to observe the objects and tools for

nanomanipulation, several in-situ scanning electron microscope (SEM) nanomanip-
ulation setups were developed. The setups were based on the stage available in the
SEMs, and an additional three degree-of-freedom manipulator with sub-micron preci-
sion. The SEM systems were used for pick-and-place manipulation of nanowires while
an environmental SEM system was used for electron beam deposition experiments.
A survey was presented of the forces estimated to be required for picking up

nanowires. This showed that the minimum force would probably be required when
peeling a nanowire extending over the edge of a surface it is adhering to. Microfab-
ricated grippers based on electrostatic and electrothermal actuation were designed,
fabricated, and characterized. The electrostatic grippers were successfully used for
in-situ SEM pick-and-place manipulation of silicon nanowires. The wires were moved
from suitably prepared substrates onto silicon chips and TEM grids. Successful ma-
nipulation was only achieved with wires prepared as the survey of forces had indicated.
Prototypes of the electrothermally actuated grippers were used to demonstrate the
possibility of acquiring a force feedback signal from the gripping forces.
To directly deposit three-dimensional nanostructures and also mechanically and

electrically contact manipulated nanostructures, electron beam deposition (EBD) was
studied. When the EBD was done in an environmental SEM, using water vapor as
the environmental gas, it was discovered that deposited structures could contain a
core of solid polycrystalline gold. The environmental EBD (EEBD) was studied in
detail, and the gold core was found to be highly conductive and capable of carrying
high current densities comparable to carbon nanotubes. The EEBD was also used to
solder carbon nanotubes onto cantilever electrodes, and gave a low contact resistance.
A simple electron beam lithography (EBL) system was developed to control the

electron beam when creating three dimensional EBD structures. A feasibility study
was made of EEBD and the limits to scan rate, deposition angles, and deposition line
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width. A survey was also presented of the various contamination e ects that should
be considered when using EBD. Despite the discussed limitations, EEBD seems to
be a versatile and useful tool for a wide range of applications in a nanomanipulation
setup.
To characterize the manipulated or deposited nanostructures, a "TEM-Chip"

method was developed, based on chips with microcantilever electrodes. The TEM-
Chips were demonstrated to enable combined electrical characterization and TEM
analysis. The method was used to study the electrical properties of multiwalled car-
bon nanotubes and their breakdown when carrying high currents. Finally the e ect
of the electron beam irradiation of carbon nanotubes in SEM and TEM was invest-
igated. It was observed that the outer shells of nanotubes were severely damaged by
the electron irradiation. It was shown how cooling a cold finger in the TEM with
liquid nitrogen could e ciently reduce the irradiation induced damage rate. Chem-
ical reactions of the surface carbon atoms with water seems to be the cause of the
observed nanotube etching. TEM investigation of a sample that had been irradiated
in SEM, showed that SEM radiation also could cause considerable damage to the
nanotube shell structure.
The methods and systems developed in this project seem to support each other.

The TEM-Chip system will enable a detailed investigation of the e ects of EEBD and
manipulation on nanowires and tubes. The development of improved electrostatic
and electrothermal grippers will not only lead to improved possibilities for pick-and-
place manipulation, but also to new TEM-Chip designs for in-situ TEM experiments
(and possibly also cryogenic measurements). The EEBD can both aid the pick-and-
place manipulation by soldering grabbed objects to the target position and improving
electrical contact, but also be used to create nanostructures such as nanotweezers tips
on the grippers.
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Abstract
Microfabricated grippers and tweezers are promising tools for manipulation
of micro- and nanoscale objects. As with ordinary macroscale grippers, the
ability to sense the forces involved in grabbing would be advantageous for
controlling the operation as well as for measuring the mechanical properties
of the grabbed object. A simple design is presented for an electro-thermally
actuated microfabricated gripper capable of providing a piezoresistive
read-out of the gripper deflection, which can be used to measure the forces
applied to the grabbed object. Measurements of actuation of test devices are
presented and found to be in reasonable agreement with expected values.
Finally, piezoresistive measurements of the gripper deflection are
demonstrated.

1. Introduction

The ubiquitous presence of gripping tools in everyday
workshop processes makes microgrippers interesting tools
for handling micro- and nanoscale objects. In recent years
several designs for microfabricated grippers and tweezers have
been demonstrated. These range from almost millimeter-
sized grippers made from two chips bonded together with
a bimetal cantilever and piezoresistive sensor cantilever [1] or
electro discharge machined (EDM) grippers with optical force-
feedback [2], over sub-millimeter electro-thermal [3] and
electrostatic microgrippers [4, 5], to carbon nanotube tweezers
for handling objects on the nanometer scale [6, 7]. Recently,
microfabricated devices have become commercially available
from companies such as Zyvex and Nascatec. The actuation of
grippers is often based on either electrostatic attraction, such
as comb drives [8] or parallel flexible beams [4], or on electro-
thermal expansion of parts by resistive heating to move the
actuator. Electro-thermal actuators have been made in many
designs such as two- or three-beam actuators [9, 10] and even
by design optimization algorithms [11].

Although adhesion forces generally make pick-and-place
operations difficult on micro- and nanometer length scales,
biological cells [12] as well as nanoscale objects have
successfully been manipulated by tweezers [5–7].

For successful manipulation of a macroscale object,
control of the gripping force is usually advantageous. For

automated pick-and-place processes, force-feedback also
enables a quick detection of whether an object has been
grabbed. As still smaller objects are being manipulated,
there is also a fundamental interest in studying the forces
involved in gripping micro- and nanoscale objects, because the
gripper–object interactions become increasingly complicated
as the surface forces become increasingly important and the
simple models of macroscale friction less correct. To make
microgrippers a reliable tool for nanomanipulation, the physics
of gripping on this scale has to be systematically investigated.
This requires measurement of the involved forces, and today
it seems that no gripper is available with force-feedback and
well-defined end-effectors on the sub-micron scale to make
such investigations. Force detection between a single tip and a
surface is done routinely by atomic force microscopy (AFM),
but AFM is usually limited to planar structures on surfaces. A
microgripper with sensitive force-feedback would make force
measurements possible on three-dimensional objects. To date,
devices that provide such feedback signals have only been
sparsely reported in the literature, such as the EDM fabricated
device [1] or bonded-chip structures [2], and it will be difficult
to downscale such structures with the required precision of the
gripper end-effectors to the size required for manipulation of
nano- and micrometer objects.

An overview of some grippers presented in the literature
is shown in table 1. The actuation range seems to be highly
dependent on the chosen device length, and electro-thermal
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Figure 1. Actuation by resistive heating. The structure bends when two (or one) beam resistors are heated relative to the remaining beam(s).
Black color indicates the higher and gray the lower temperature. (a) One hot and two cooler beams. (b) Two hot and one cooler beam.
(c) and (d), respectively, show the calculated temperature profile for (a) and (b). (e) and (f ), respectively, show the calculated actuation as a
function of current for (a) and (b), compared to the measured actuation of two devices.

Table 1. Approximate values for gripper specifications. Grippers with force-feedback are indicated with an asterisk (∗).

Length Gap Actuation Force
Actuation principle (μm) (μm) (μm) per arm (μN) Reference

Electro-thermal 500 30 15 000 [11]
Shape memory alloy 3900 1000 180 17 000 [13]
Electro-thermal 1000 18 8 210 Zyvex model SM
Electro-thermal 1000 500 25 550 Zyvex model BB
Bimetal∗ 1500 200 250 [1]
Electrostatic 1200 150 Nascatec
Electrostatic 500 10 10 0.013 [8]
Nanotweezer 10 2 1 0.01 [6]
Electrostatic 100 2 1 1 [4, 5]
Electro-thermal∗ 100 2 1 10 This work

grippers are generally capable of applying larger gripping
forces than electrostatic grippers. The small size of the device
makes thermal processes fast and hence the response time of
the order of tens of milliseconds [9–11].

This paper presents a simple design of an electro-
thermally actuated microfabricated gripper capable of
providing a force-feedback signal. The design is based on
a simple actuator/sensor structure consisting of three parallel
beams connected by an end bar as depicted in figure 1(a).
Three-beam actuators have been demonstrated to work with
other microfabricated designs [9, 10], and recently it was
demonstrated how such actuators are able to both open and
close [14]. The single mask microfabrication process makes
it easy to achieve a high resolution of the end-effector shape,
which is essential for precise gripping of nanoscale objects.

The present grippers have been made to test the three-
beam actuation and force-feedback concept, but lack the high
aspect ratio (height/width) of the beams to avoid out-of-plane

bending and the ability to achieve large gripping forces. We
are developing a new microfabrication process capable of
producing more suitable beams for useful devices.

In section 2 the basic actuation and sensor properties of the
design are estimated from simple models. Section 3 presents
measurements on microfabricated test devices.

2. Theory of operation

The devices presented here are all based on a fundamental
actuator/sensor structure consisting of three beams connected
by an end bar as shown in figures 1(a) and (b). The structure
is made of a resistive material layer so that the beams can
be heated by a current passed through them, making the end
bar move sideways due to unequal thermal expansion of the
three beams. The beams are made from a single material and
can be defined by a single lithographical mask. Depending
on the connection of the gripper arms, the design allows
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Figure 2. Piezoresistive feedback. (a) Optical image of the test
device. (b) A typical Wheatstone bridge resistor configuration.
(c) Gripper made with two actuators in the configuration from
figure 1(a) connected as a Wheatstone bridge circuit. (d) Gripper
configuration with three, three-beam structures connected to avoid
thermal stress influencing the sensitive force detection. (e), (f )
Piezoresistive measurements on the setup in (c) and (d),
respectively, made by deflecting the gripper tip a distance d (in the
direction of Fgrip) while applying a voltage of about 10 mV at 1 kHz
using lock-in detection. (e) Piezoresistive signals Vout as functions
of deflection d when opening the gap by opening and closing each
actuator repeatedly (square and circle markers indicate deflection of
the left and right part). (f ) Piezoresistive signal when deflecting the
sensor in (d) back and forth from the neutral position.

for several sensing-actuation configurations. Current can be
applied to the actuator in two ways, shown in figures 1(a)
and (b), to make it bend sideways. If for instance current
is sent through resistor 3 in figure 1(a) and led to ground
through resistors 1 and 2, the actuator will bend sideways
(upward in the figure). If the current is applied in a mirrored
configuration, the actuator moves in the opposite direction,
as shown in figure 1(e). Using two opposing actuators in a
gripper setup as in figure 2(a) makes a gripper capable of both
opening and closing the gap depending on how the driving
current is applied. By connecting the actuator beams in a
Wheatstone bridge configuration as shown in figure 2(b), the
difference in the piezoresistive changes of the shortened and
the elongated cantilevers can be measured to give a value for
the actuator deflection and hence the applied gripping force
when the spring constant of the structure is known.

2.1. Mechanical analysis

2.1.1. Thermal actuation. To estimate the actuation
properties of the device we assume the material properties
to be independent of temperature to a first approximation. As

seen in figure 1, each of the three beams has initial room
temperature length L, width w and height h. When forces
or currents are applied to bend the actuator, the beams have
lengths Li = L(1 + αTi) − Fi/kbeam, i = 1, 2, 3, where Ti

is the average beam temperature, α is the thermal expansion
coefficient, Fi is the force applied to each beam by the end bar
and kbeam is the tensile spring constant of the beam. For small
range actuation A � L, as in figure 1(b), we can approximate
A = Lθ , where θ = (L1 −L3)/4w. With forces and moments
in equilibrium, one finds that

A = α
L2

4w
�T,

with the beam average temperature difference �T = T1 − T3

between the hot and cold beams. For the gold structure shown
in figure 2(a) the calculated actuation is 1.7 μm per 100 K
temperature difference.

2.1.2. Actuator spring constant. The spring constant of
the three-beam structure can be calculated from the actuation
A(x) of a single cantilever beam when applied a transverse
force FL and moment ML at the tip A(L) = 12(MLL2/2 −
FLL3/3)/(Ehw3), with Young’s modulus E = 78 GPa for
gold. Upon combining three beams into an actuator, the
bending moments of the three beams will equal that of the
tensile forces in the individual beams if the end bar is at an
angle θ = A′(L) = 12(MLL − FLL2/2)/(Ehw3) giving
3ML = −8w2kbeamA′(L), with tensile spring constant of
the individual beam kbeam = Ewh/L. The spring constant,
kact, when pressing the actuator sideways as Fact = 3FL =
−KactA(L) can then be shown to be

kact = 11

4
Eh

(
w

L

)3

.

For the gripper in figure 2(a), kact = 2 N m − 1. The thermally
actuated grippers are generally more rigid than electrostatically
actuated grippers with similar lengths. The presented gripper
is about ten times more rigid than a correspondingly sized
electrostatic gripper with a cantilever actuator with dimensions
of a single beam.

2.2. Thermal distribution

The average temperature of beams 1 and 3 can be calculated
from the temperature distribution, T (x), found by analytically
solving the steady-state heat continuity equation T ′′(x) =
−C(x), where C(x) = J 2(x)ρ/κ , with the current density
J (x) (constant in each beam), electrical conductance ρ, and
heat conductivity κ . To estimate the properties of the gripper
we will assume that convective and radiative heat losses can
be neglected.

With an applied current I, we find a temperature
distribution for the structure in figure 1(a) as shown in
figure 1(c), as a function of distance along the structure as
sketched in the graph. The maximum temperature in the beam
is Tmax = (9I 2ρ)/(32κwh). The current must be limited,
so Tmax < Tlimit, where Tlimit is typically some fraction of
the material melting point to avoid damaging the structure.
Naturally, one should also consider the temperature limits
of the objects to be manipulated when defining Tlimit. By
averaging the temperature distribution in beams 1 and 3 we
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find the average temperature difference as a function of applied
current �T = (I 2ρ)/(16κwh). The maximal temperature
difference �Tlimit is achieved when Tlimit is reached and is
�Tlimit = 2Tlimit/9.

We can now express the actuation as a function of current
for the configuration in figure 1(a):

A = αρ

κ

L2

64w2h
I 2.

The maximal actuation is Alimit = (αL2Tlimit)/(18w). Using
the melting point of gold as Tlimit gives an upper estimated
actuation range for the test device of about 4 μm at a current
Ilimit = 146 mA and an actuation voltage of 230 mV.

If the heating current is applied as in figure 1(b) rather
similar results are obtained with the maximal actuation 8%
larger than in the case of figure 1(a). However, the maximal
temperature is in this case reached in both hot beams in
figure 1(b) whereas the two cold beams in figure 1(a) reach
only 90%Tmax. In the following we will use the setup in
figure 1(a) to avoid the highest temperatures in the beams
used as piezoresistors.

2.3. Piezoresisitve sensitivity

The piezoresistive change in the beam resistance δ = �R/R
can be calculated from the gauge factor K and change in length
�L/L due to tensile forces in the individual beams as δ =
K�L/L. For silicon, the gauge factor can be up to >100 [15]
while for gold it is about 4 [16].

Accurate measurements of the piezoresistive response
can be made using a Wheatstone bridge to reduce noise
by measuring the change in a resistor relative to a network
of thermally similar resistors [15]. A standard Wheatstone
configuration as shown in figure 2(b) would give a signal
Vout = (δ1 − δ2 − δ3 + δ4)Vin/4 if all resistors have almost
equal values Ri = R(1 + δi). In the three-beam actuator designs
shown in figures 2(c) and (d), the stress induced by pushing
the three-beam sensor sideways gives Vout = Vinδ/2. The force
sensitivity SF of these sensor designs can be calculated from
the equations in section 2.1 to give

SF = Vout

VinFgrip
= 2KL

33w2hE
.

For the gold device presented here the sensitivity is estimated
to be 0.1 mN–1 or 0.1 mV per μN of gripping force per volt
applied to the gripper. The position sensitivity Sx = Kw/

(6L2) = 140 V V–1 m–1, so moving the gripper tip 1 μm
should give 0.14 mV output signal per applied volt.

The calculated sensitivity is comparable to that found
in some other devices made from materials with higher
piezoresisitive coefficients [1]; however, the applicable
voltages are limited by the maximally allowable current to
avoid reaching Tlimit.

In the configuration of figure 2(c), the applied voltage
will also lead to actuation and the thermally induced stress
in the structure will give an additional contribution Vadd to
the measured signal from the sensor Vmeas, which must be
subtracted from the measured signal to obtain the true signal
due to deflection Vout = Vmeas − Vadd.

Vadd can be estimated as Vadd = 2KwA/L2. This is
proportional to I 2 and can reach a voltage of order mV for

the gold gripper. Thus, Vadd can be orders of magnitude higher
than the gripping force signal Vout. Since the error in the
piezoresistive signal is expected to be proportional to V 2

in, this
voltage should be kept as low as possible. The best method
for measuring Vout is lock-in detection of an oscillating signal
sufficiently small to avoid oscillating actuation—a dc voltage
can be added for simultaneous actuation.

For a more sensitive detection of the gripping force one
can use the Wheatstone bridge setup shown in figure 2(d),
which is not influenced by thermal stress caused by the voltage
applied for piezoresistive measurements in the structure—and
one can then use the slightly more efficient configuration from
figure 1(b) or other suitable actuator designs for actuation.
Such a setup would make it simple to use the gripper in a closed
loop control of the gripping actuation and force, while using
a three-beam structure as sensor and actuator simultaneously
might be more complicated due to the change in piezoresistive
sensitivity with temperature.

The setup in figure 2(c) is sensitive to the sum of forces
applied to the gap and will show the same signal if both the
actuators touch an object with force Fgrip or only one gripper
touches with a force 2Fgrip. Interchanging the leads to the
beams R2 and R4 will make the output voltage independent
of symmetrical stress due to actuation or applied forces. The
interchanged Wheatstone bridge configuration will then give a
signal if the object is only in contact with one actuator, which
could be useful when positioning the gripper for applications
such as automated pick-and-place processes. The controlling
electronic circuit could be made to alternate between the two
measurement modes to give both signals while maintaining a
constant actuation current.

If one increases the complexity of the device by using two
conducting layers separated by an insulating layer, instead of
just one conducting layer, it should also be possible to both
sense and control in- and out-of-plane bending actively.

3. Experimental results

To test the design and above analysis, grippers were
microfabricated in gold, with beam length L = 100 μm, width
w = 2 μm and height h = 1 μm. The fabrication process
uses a silicon nitride layer as both etch mask for release of
the chip body and as insulating layer under the electrode
structures that are made by electron beam evaporation of the
wanted metal onto an UV-lithography defined lift-off mask.
The process is described in detail by Mateiu et al [17]. The
present devices are not suitable for manipulation since the
aspect ratio (h/w) is less than 1 [11] and we observe some
out-of-plane bending during actuation. For real applications,
the aspect ratio should be increased to at least 3, which can be
achieved by standard microfabrication methods. For increased
piezosensitivity of the device, one should also consider using
a different material than gold to obtain a higher resistivity and
gauge factor (K). However, high K values are often combined
with larger thermal variations in the piezoresistivity, thus for
the present demonstration purposes gold was considered a
suitable material.
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3.1. Measurement of actuation

The actuation is measured by an image analysis program
capable of extracting the position of the tips of the grippers
with approximately 10 nm precision from live video images
in a Labview controlled setup based on a 100× Navitar
microscope. The applied actuation current is limited to 30 mA
in order not to damage the devices, and to avoid both annealing
effects/drift as well as loss of precision in the measurement
precision of actuation due to out-of-plane bending at the
highest temperatures. Actuation up to 3 μm has been observed
when applying higher currents with the configuration in
figure 1(a), but high currents often resulted in destruction of
the devices.

Figures 1(e) and (f ) show the estimated actuation as a
function of applied current together with the measured values
of a test device. As expected, the configuration in figure 1(b)
does actuate more than the one in figure 1(a) at a fixed
current. The measured actuation is consistently lower than
the estimated values, which is likely due to the neglected
convective and radiative heat losses in the above analysis as
well as out-of-plane bending.

3.2. Piezoresistive measurements

A Stanford SR830 lock-in amplifier was used as a voltage
source in figure 2(c) for the piezoresistive measurements and
was connected in series with a 1 k� protective resistor to give
a 1 mA current (the device resistance is calculated to be 1.6 �).
The actuator tip was deflected by a sharp silicon wafer edge
mounted on a Newport Motion Controller capable of moving
the sample in 100 nm steps. The measured output voltage is
shown as a function of deflection of the tip for the structure
in figures 2(c) and (d) in figures 2(e) and (f ), respectively.
The configuration of figure 2(c) is sensitive to the opening of
the gap and the two actuators give the same signal as they are
individually deflected to open the gap. The configuration in
figure 2(d) senses only the forces applied to one part of the
gripper. At the maximal deflection of the structure, out-of-
plane bending was visible in the microscope, which might
cause the decrease in sensitivity at high deflections. The
applied voltage over the three-beam device should be about
1 mV, giving a measured sensitivity for all tested structures
about 10 μV V–1 μm–1 which is a factor of 15 less
than expected. The observed out-of-plane bending during
deflection is expected to be a significant source of error since
it effectively reduces the tensile strain in the beams.

4. Conclusion

An analysis was presented to estimate the actuation
range and piezoresistive sensitivity of an electro-thermally
actuated micro fabricated gripper based on a three-beam
actuator/sensor structure. Several configurations using the
same three-beam structure have been analyzed to evaluate
the actuation range and sensitivity (figures 1(a) and (b) and
figures 2(c) and (d)). Measurements on test devices made in
gold showed actuation in good accordance with theory and
an actuation range sufficient to close the gap if defined by the
same line width as the actuator beam structure itself. If the gap
of the presented device is opened by 4 μm to grip a 4 μm object

and closed by a corresponding current, the gripping force is
of the order 15 μN. The device spring constant is proportional
to the device height and much larger gripping forces
approaching the mN range would be possible in devices with
high aspect ratios achievable with ASE or RIE techniques.

The piezoresistive sensitivity was found to be about a
factor of 15 lower than the calculated value. The sensitivity and
reliability of the presented device is likely to be considerably
improved by increasing the aspect ratio to avoid out-of-plane
bending. Increased piezoresistive sensitivity must also be
expected if the device is made from silicon or polysilicon
rather than gold. Finally, the structure shown in figure 2(d)

should provide a better piezoresistive signal than the structure
in figure 2(c), since the stress caused by the current in
the Wheatstone bridge should have no influence on the
piezoresistive signal. If made in silicon, highly sensitive
devices could be made with the presented strain sensor
structure, with potential applications such as piezoresistive
AFM probes, where the single mask process could be a
considerable process simplification compared to previous
piezoresistive AFM probes.
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Abstract

A large number of applications of electron-beam lithography (EBL) systems in nanotechnology have been

demonstrated in recent years. In this paper we present a simple and general-purpose EBL system constructed by

insertion of an electrostatic deflector plate system at the electron-beam exit of the column of a scanning electron

microscope (SEM). The system can easily be mounted on most standard SEM systems. The tested setup allows an area

of up to about 50� 50mm to be scanned, if the upper limit for acceptable reduction of the SEM resolution is set to

10 nm. We demonstrate how the EBL system can be used to write three-dimensional nanostructures by electron-beam

deposition.

r 2004 Elsevier B.V. All rights reserved.

PACS: 41.85.Ne; 81.07.�b; 85.40.Hp; 87.64.Ee

Keywords: e-Beam lithography; Electron optics; SEM; Electron-beam deposition; Electron-beam-induced deposition

1. Introduction

In recent years electron-beam lithography
(EBL) has become a commonly used technique
for defining nanostructures, often combined with
traditional photolithography for patterning of
larger surrounding structures. EBL-defined con-
tacts to both carbon nanotubes [1,2] and semi-
conducting nanowires [3,4] have enabled a
systematic investigation of the electrical properties
and creation of high-performance field-effect

transistors. Furthermore, resist-based EBL tech-
niques have been employed in the fabrication of
nanomechanical structures, such as the carbon
nanotube-based rotational actuator demonstrated
by Fennimore et al. [5]. In addition to the resist-
based EBL technique, electron beams can be used
for constructive lithography, such as electron-
beam deposition (EBD). Here, organic or organo-
metallic vapors added to the specimen chamber are
decomposed by the electron beam, leading to the
formation of three-dimensional nanostructures,
which in some cases can be conductive. The EBD
metal deposition technique has been employed for
fabrication of three-dimensional devices made
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entirely of electron-beam-deposited material [6,7],
and for soldering of carbon nanotubes using
nanoscale deposits with a high gold content [8,9].

Commercial EBL tools are either complete
systems or additional options to an SEM. How-
ever, even an add-on system can be a significant
expense in an experimental budget, which would
be out of proportion if the needs are occasional,
basic experimental applications.

In this paper we present a simple low-cost EBL
system that meets the requirements for range and
precision needed to write nanoscale contacts or
interconnects between microelectrodes defined by
standard lithography. The system is an electro-
static deflection system inserted into the specimen
chamber above the sample. This solution is
particularly convenient when the electron micro-
scopes do not have direct external connections for
beam control in the column, as is often the case.
Electrostatic control of charged particle beams has
proven to have several advantages over magnetic
beam control in some systems [10]. Complex all-
electrostatic systems have been built, such as
storage rings for charged particles [11] and
miniature electron microscopes [12]. Electrostatic
beam deflection is also used in some EBL systems
[13,14].

To obtain the highest possible resolution,
defocusing and astigmatism introduced by the
EBL system should be minimized. For instance,
the EBL system JBX-9300FS from JEOL uses a
combination of electrostatic quadrupole and octo-
pole beam deflectors. A highly harmonic potential
can be achieved by choosing an electrode geometry
similar to the design of a quadrupole mass
spectrometer (or linear Paul trap) [15]. This also
allows a simple and short deflector design,
providing a short working distance that is essential
for high image quality in an SEM.

2. Theory

The SEM-based EBL system presented here is
based on an electrostatic deflector plate system
consisting of four electrodes placed inside the SEM
specimen chamber, around the beam where it exits
the column. With the SEM in ‘‘spot’’ mode, the

deflector plate system will fully control the beam
position.
An illustration of the design is shown in Fig. 1.

Calculations by Denison [16] show that if the rod
diameter de and diagonal inter-rod distance dd are
chosen to be de=dd ¼ 1:147; the leading term of the
deviation from the harmonic potential will be of
the order of (r/dd)

12, where r is the distance from
the center of the deflector plates.
If a voltage �1

2U is applied to two diagonally
opposed rods, while the other two are kept at
ground potential, the electrical field, E=U/dd, will
be constant and the electron beam will be deflected
a distance D from the center given by

D ¼ a
L 1

2
Lþ Lfree

� �

2dd

U

V
¼ C

U

V
; (1)

where L is the rod electrode length, Lfree is the
length from the end of the rods to the sample, V is
the electron-beam acceleration voltage, and a is a
coefficient accounting for edge effects due to the
finite length of the rods. The deflection distance D
is seen to be proportional to U/V with C denoting
the proportionality constant. The coefficient a is
expected to be about 1. If needed, a and higher-
order corrections can be found by simulations of
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Fig. 1. The EBL setup. (a) Diagram of the four rod electrodes

with the electron beam oriented along the rods. Voltages for

scan in the x and y directions are applied to the electrodes

through potentiometers for minimization of astigmatism. (b)

Image of the deflector setup mounted in an ESEM. The system

is here mounted onto the pressure limiting aperture (PLA),

where the e-beam exits the column. The rod length L and

distance Lfree from the end of the rods to the target, are marked

in the figure. To the left, a LFD is visible.
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the electrical field in the device. Using the values
U ¼ 10V; V ¼ 10 kV; de ¼ 5mm; dd ¼ 4:3mm;
L=Lfree=5mm, and aE1, we find DE3 mm
corresponding to a 6� 6 mm scan area. Since
standard photolithography typically has a resolu-
tion of 1 mm, this scan range is sufficient for
fabricating nanostructures that interface micro-
electrode structures, and for refining microstruc-
tures as needed in many research applications [17].

The maximum obtainable scan range is limited
by the deflection voltages that can be applied to
the electrodes without inducing serious astigma-
tism and defocusing effects. A straightforward
method for verifying that such effects are not
present is to observe the image resolution while
applying deflection voltages. Depending on the
specific setup and the detector type, there will also
be different upper limits to the deflection voltages
that can be applied without degradation of the
image contrast, since the charged electrodes will
tend to deflect the low-energy electrons away from
the detection system. In preliminary tests, a
standard Everhart–Thornley detector in a Leo
1550 SEM showed no significant effects on the
image quality with deflection voltages up to 75V,
while the large field detector (LFD) in a Phillips
XL-30 FEG Environmental SEM (ESEM) sets an
upper limit for the deflection voltage of about
25V.

3. SEM experiments

The deflector plate system shown in Fig. 1a was
built using brass rod electrodes with L ¼ 6mm;
de ¼ 5mm; and dd ¼ 4:3mm; mounted on a
polycarbonate plate. The dimensions of the system
were machined to about 0.1mm precision. The
deflector system was mounted on a small rod
above the sample on the stage in a LEO 1550
SEM.

The stage was used to center the deflection
system around the beam. With an applied deflec-
tion voltage on the EBL system, no noticeable
dependence of the image quality on the position of
the system relative to the beam was observed
within about 10% of dd from the center of the
system. With the deflector system centered, and the

electrodes grounded in one direction, the max-
imum voltage that would allow proper imaging
was applied in the other direction. The astigma-
tism was then minimized by adjusting one of the
potentiometers shown in Fig. 1a, thereby compen-
sating for slight misplacements and other imper-
fections in the setup. Then the same procedure was
followed for the other potentiometer. The test
showed a resolution of about 20 nm at U ¼ 0V:
After potentiometer optimization at U ¼ �75V;
which gave rise to a displacement D ¼ �90mm (at
V ¼ 10 kV and Lfree ¼ 13mm), the resolution was
about 40 nm. From the displacement the correc-
tion factor a in Eq. (1) can be estimated to a E1.1.
To compare our system with commercial EBL

systems, one should consider both the resolution
requirements and the achievable scan range. In
resist-based EBL the resolution is often limited to
roughly 10 nm. The resolution of our EBL system
is limited by the inherent resolution of the SEM
electron-beam, as well as by the loss of resolution
of the beam due to the deflection system. The latter
appeared to be roughly proportional to the
deflection voltage and thereby the scan range.
Based on the preliminary test, a scan range of
about 90 mm (745 mm deflection) can thus be
obtained with less than 10 nm reduction of the
SEM resolution.
The lithography system can be controlled via a

standard DAQ card. For electron-beam exposure
of resist, the dwell time precision can be as low as
10 ns per pixel in raster scans. This requires the
DAQ card to sustain sampling rates up to 100MS/s.
EBD demands much higher doses and dwell times,
requiring less than 100 S/s. The DAQ-card resolu-
tion must be of the order of 10mV/bit on two
channels to support 10 nm precision of the beam
position in two dimensions. If a beam blanker is
available in the SEM, one could use an extra
DAQ-card channel to control it. We use a
National Instruments 1200 DAQ card in a laptop
PC. Direct driving of the system with the DAQ
card limits the applicable voltage to 10V, which is
compatible with the contrast requirement of the
ESEM detection system in our setup. The 16-bit
resolution gives a 0.15mV/bit corresponding to a
resolution of 0.15 nm, which is much smaller than
the resolution of the ESEM.
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4. ESEM results and discussion

For the EBD experiment, the deflector system
was mounted onto the pressure-limiting aperture
of a Philips XL-30 FEG ESEM, as shown in Fig.
1B. Despite the relatively coarse manual alignment
no influence on deflection and induced astigma-
tism was observed when the system had been
removed and reinserted between the experiments.
This is in accordance with our observations in the
preliminary test.

The deflection as a function of voltage for the
EBL system was calibrated by EBD using a source
containing dimethylacetylacetonate gold(III) in-
serted into the specimen chamber of the XL-30
ESEM. First, a reference marker was deposited
with all electrodes at ground potential. Next, a
marker was deposited with an applied deflection
voltage from a power supply. Such sets of markers
were deposited at a series of deflection voltages,
and for each set the deflected distance was
measured. Fig. 2a presents the obtained deflection
distance versus deflection voltage for electron-
beam acceleration voltages of 5, 10 and 20 kV. A
linear dependence was seen for all tested accelera-
tion voltages. Linear fits give the proportionality
factors 0.52, 0.30 and 0.16 mm/V, respectively. In
Fig. 2b the proportionality factors from Fig. 2a
are shown versus inverse acceleration voltage.

A linear fit gives the parameter C=2.7(1)mm in
accordance with the theory if a ¼ 0:73:
Several three-dimensional test structures were

deposited using the system, as shown in Fig. 3.
Conducting interconnects making horizontal
bridges between microcantilevers [18] were depos-
ited at scan speeds of up to 30 nm/s. The line width
was measured to be 60–200 nm, decreasing with
scan speed, and comparable to the line width
obtained for deposits fabricated without the EBL
system [9]. The conductivity of the deposited
material has been measured to be 1–2 orders of
magnitude lower than pure bulk gold.
The spiral-like structure in Fig. 3b and c was

deposited using a circular scan at a low scan speed
of 10 nm/s. The structure is not perfectly circular
since carbon contamination accompanying EBD
in an ESEM deforms the already deposited parts
of the structure, when exposed to electron radia-
tion. A more detailed study of the environmental
EBD process in three dimensions can be found in
Ref. [18].

5. Conclusion

A simple EBL system can be made by inserting a
small electrostatic quadrupole deflection system
into a standard SEM. The reduction of the SEM
resolution caused by the EBL system increases
with the applied deflection voltage, and is of the
order of 10 nm within a 50 mm scan range in the
tested system. Although the scan range of com-
mercial EBL systems are typically an order of
magnitude larger, this combination of scan range
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Fig. 2. Calibration of the EBL system. (a) Beam deflection

versus applied voltage for electron-beam acceleration voltages

of 5, 10 and 20kV. Linear fits give the proportionality factors

0.52, 0.30 and 0.161mm/V, respectively. (b) Proportionality

factors from Fig. 2a versus reciprocal acceleration voltage,

indicating a linear dependence as expected from theory.

Fig. 3. (a) ESEM image showing EBD lines deposited as

bridges between microcantilevers using the lithography system.

(b) SEM image showing a top view and (c) side view of an

electron-beam-deposited spiral structure obtained with the

computer controlled x–y scan.
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and resolution is adequate for many research
applications, and few standard SEM-based EBL
systems offer minimum precision below 50 nm.
For electron-beam nanolithography, dwell times in
the sub-microsecond range are often required,
demanding very rapid movement of the beam. Due
to the lack of inductance in the system, the
deflection speeds should primarily be limited by
the bandwidth of the DA converters. However,
exposure of nanoscale patterns in a resist film is yet
to be demonstrated.

We point out that the EBL system presented
here is straightforward to construct and install,
and that results competing with results from far
more complex and expensive setups can be
obtained. If required, the tested system could be
improved considerably both in terms of shielding
against electrical noise, prevention of charging of
the plastic parts, and tighter tolerances on the
mechanical parts.

The presented system is ideal for EBD experi-
ments, when using LabView-controlled DAQ
cards without amplification electronics for pattern
generation and beam control. The setup gives a
high degree of flexibility to make customized
solutions for experiments where full-beam control
is advantageous, besides providing a straightfor-
ward path to resist-based EBL. We expect this
post-column deflection system to be valuable for
both scientists and students in making full-control
EBL available to a wider range of laboratories.
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Abstract
Highly conductive nanoscale deposits with solid gold cores can be made by
electron beam deposition in an environmental scanning electron microscope
(ESEM), suggesting the method to be used for constructing, connecting and
soldering nanostructures. This paper presents a feasibility study for such
applications. We identify several issues related to contamination and
unwanted deposition, relevant for deposition in both vacuum (EBD) and
environmental conditions (EEBD). We study relations between scan rate,
deposition rate, angle and line width for three-dimensional structures.
Furthermore, we measure the conductivity of deposits containing gold cores,
and find these structures to be highly conductive, approaching the
conductivity of solid gold and capable of carrying high current densities.
Finally, we study the use of the technique for soldering nanostructures such
as carbon nanotubes. Based on the presented results we are able to estimate
limits for the applicability of the method for the various applications, but
also demonstrate that it is a versatile and powerful tool for nanotechnology
within these limits.

M This article features online multimedia enhancements

1. Introduction

The investigation of electron beam deposition (EBD)
as a technique for serial writing of three-dimensional
nanostructures started in the 1980s. EBD has been used to
make functional structures, such as field emission devices [1],
thermal sensors [2], nanotweezers [3, 4] and tools for
manipulating DNA [5]. In combination with in situ
nanomanipulation equipment, EBD is capable of forming
mechanically strong attachments of carbon nanotubes for strain
measurements [6] and decreasing the contact resistance of
contacts to nanotubes [7]. Conductive nanostructures are
deposited by using metal-containing source gasses. The
conductivity can be increased by decreasing the amount
of amorphous carbon included in the structure [8, 9].
Environmental electron beam deposition (EEBD), where a

1 Author to whom any correspondence should be addressed.

background gas such as water is present in an environmental
electron microscope, was demonstrated by Folch et al [10].
Their results indicated that a high metal content could be
achieved by EEBD. Our investigations have shown that it is
possible to form a core of solid gold in EEBD structures [11].
Figures 1(a) and (b) show typical apexes of tips deposited in
nitrogen and water, respectively. A gold core is clearly present
in the tip deposited in water, while the tip deposited in nitrogen
contains nanocrystals in an amorphous carbon matrix. The
solid gold structures appear to be highly conductive and EEBD
can be used to solder carbon nanotubes to electrodes obtaining
low contact resistances [12].

Over the last decade a range of promising three-
dimensional devices have been achieved with EBD, but
relatively little has been reported regarding the limitations of
the technique for such structures. Koops et al [13] studied
growth rate and inclination of free standing EBD lines versus

0957-4484/04/081047+07$30.00 © 2004 IOP Publishing Ltd Printed in the UK 1047
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Figure 1. Three-dimensional structures made by EBD/EEBD under
different deposition conditions (see footnote 3). The intended
structures are indicated by dashed lines. (a) TEM image of the apex
of a tip deposited in nitrogen. (b) TEM image of the tip apex with a
gold core deposited in water vapour. (c) TEM image showing an
asymmetric contamination layer on an EEBD tip deposited in water
vapour. The thicker layer on the left-hand side (indicated by the
arrow) was caused by a later deposition of a tip a few micrometres to
the left. (d) SEM image of initially straight EEBD tips with
asymmetric contamination layers. When the tips were exposed to
electron radiation in SEM and TEM, they bent irreversibly to the
side with the thickest layer (indicated by the arrow). (e) EBD tips at
the end of a micro-fabricated pair of tweezers. Parallel deposits
were created below the intended structures. The EBD lines on the
left-hand side, which were deposited first, subsequently deformed
plastically, bending away from the intended straight line towards the
later deposits. (f) EEBD line structure showing pronounced
branching of the deposit. (g) EEBD line structures showing another
branching effect, where the intended structure is accompanied by a
thick and almost horizontal line extending into free space.
(h) Elaborate three-dimensional corkscrew structure made by
EEBD, showing additional small branches. (i) Top view of the
structure in (h).

scan rate. The minimum achievable line-width for EBD
lines on surfaces and in vertical tips, which is limited by
the scattering of primary and secondary electrons, has been
investigated theoretically and experimentally [14, 15]. Fujita
et al recently observed a very narrow line width limit of

5 nm for free-standing lateral carbonaceous structures [16],
indicating that laterally written free-standing structures can be
fabricated with very narrow line widths.

The gold containing deposits made by the EEBD
technique are potentially useful for many applications such
as constructing, connecting and soldering nanostructures. In
this paper we investigate to what extent the EEBD method
can be used for in these applications. First we focus
on the application of the technique to the deposition of
three-dimensional structures, investigating issues such as
contamination and unwanted depositions for both EDB and
EEBD. We study the maximum achievable scan rates, growth
rates, deposition angle and line width for individual lines. An
analysis of a series of line deposits enables us to determine
these important parameters and their mutual dependency. In
order to study the electrical properties of the deposit, we
demonstrate the deposition of suspended micrometre-long
bridges and measure how the electrical properties of the bridges
depend on the environmental gas conditions. Finally, we
investigate EEBD soldering by measuring the mechanical
and electrical properties of carbon nanotubes soldered to two
microcantilever electrodes.

2. Experimental setup

The deposition setup used for the EEBD experiments reported
here, was identical to the setup described in [11]. The
precursor gas dimethyl-gold-acetylacetonate (DGAA) was
used in an environmental electron microscope (Philips XL-30
FEG ESEM) with a pressure of 1 Torr of the environmental
gas (water vapour or nitrogen). The beam current for the
experiments was kept at approximately 200 pA, which is
sufficient to create a solid gold core in a water vapour
environment [11]. Based on previous experiments we expect
the partial pressure of the precursor gas to be approximately
constant within each data series of the presented experiments.
It may however fluctuate from one data series to another.

In the experiments the beam was scanned slowly by
electrostatic deflection, using a quadrupole electrode structure,
inserted where the beam exits the column and driven by a
function generator or by a LabView® controlled DAQ card.
The deflector system is described in [17].

3. Results and discussion

3.1. Additional depositions

The complete control over the beam scan offers large freedom
to design EBD structures. However, during deposition
of three-dimensional EBD structures, additional depositions
often appear away from the intended structure. Such additional
depositions could in some cases be detrimental to the intended
structures. Figure 1 presents typical examples of the various
types of additional depositions observed in our experiments
under a wide range of deposition conditions2. They can be
divided into two categories: contamination effects ((a), (b))
and secondary line depositions ((c), (d)):

2 Deposition conditions for the structures in figure 1: (a) EEBD without
core, using DGAA and 1 Torr N2 environmental gas. (b, c, d, f, h, i) EEBD
with core using DGAA and 0.8 Torr H2O environmental gas. (e) EBD using
carbonaceous background gas in a SEM. (g) Mo(CO)6 precursor and 0.8 Torr
H2O environmental gas.
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(a) Contamination. If EBD structures are imaged while the
EBD source is present or if a second deposition is made
within a radius of about 5 μm from the EBD structure,
an asymmetric contamination layer will often coat the
structure. In the case of EEBD with a DGAA source,
the contamination layer has a much lower gold content
than the rest of the deposit [11]. Figure 1(c) shows a TEM
image of a tip with a gold core, which has been coated
with such an asymmetric low gold-content contamination
layer during a later deposition to the left of the tip shown.
The contamination layer is thickest on the side facing the
later deposition.

(b) Contamination bending. If a straight structure has been
asymmetrically contaminated by a nearby deposition, it
tends to deform plastically when subsequently exposed to
electron radiation. Figure 1(d) shows a tip that initially
was straight, but during TEM/SEM investigation was bent
almost 180◦ to the side having the thickest contamination
layer. We have observed this bending behaviour in both
EEBD (figure 1(d)) and EBD (figure 1(e)).

(c) Parallel growth. Any protrusion in the path of the
incident electron beam or the part of the electron beam
that penetrates below the deposited structure can become
a starting point for a second deposition, which often grows
parallel to the primary structure. It has been suggested
as a way to make intentionally parallel structures [5].
Figure 1(e) shows two pairs of such parallel lines deposited
at the tip of a pair of micro-fabricated electrostatic
tweezers [3, 4]. The lines were deposited from a SEM
background gas as straight lines but exhibited signs
of contamination bending during later deposition and
imaging (figure 1(e)).

(d) Branching. When depositing three-dimensional struc-
tures, smaller secondary lines branch out from the pri-
mary structure (figures 1(f), (g)). Often, the additional
lines will be deposited at a more horizontal angle than the
main structure. We have not identified parameters that re-
liably control the creation of such branches, but note that
a high source gas pressure tends to favour their creation.
We have observed both multiple small branches as in fig-
ure 1(f) and, at other times, a single large branch from the
base as seen in figure 1(g). Substantial branching might
cause short circuits in three-dimensional structures. We
have observed branching in ESEM depositions, but also
in preliminary SEM deposition experiments using DGAA
as the source gas.

An example of a three-dimensional corkscrew structure, made
by slowly scanning the beam in a circle, is presented in
figure 1(h) and a top view of the same structure is shown
in figure 1(i). The spiral demonstrates fabrication of more
elaborate structures, but also that branching can take place.

3.2. Three-dimensional structures

To gain control over the three-dimensional deposition, we
measured the dimensions of freestanding lines deposited at
various scan rates. Since the parallel deposition and branching
is assumed to take place due to a large fraction of primary
electrons (PEs) penetrating the structure [5], we investigated
deposition at different PE energies to determine the effect

10
20
30
40
50
60
70
80

500

1000

1500

2000

2500

20keV
10keV
5 keV

20keV
10keV
5 keV

0

50

100

150

200

250

300

20keV
10keV
5 keV

v = 0s

High vs

Medium vsElectron
Beam

 

Deposit

θ

300 nm

Expected

Scanned Length

A
ng

le
θ 

[O
]

Le
ng

th
 [n

m
]

Li
ne

 w
id

th
 [n

m
] Base Line Width:

Tip line width:

Scan Rate [nm/s]
0 10 20 30 40 50

(a)

(c)

(e)

(d)

(b)

Figure 2. Effect of scan rate on the geometry of three-dimensional
lines deposited in 50 s at electron beam energies of 5, 10 and 20 keV.
(a) Illustration of the angle to horizontal, θ , of the deposits as
function of scan rate, vs. (b) SEM image of a series of the deposits.
(c) Graph of θ as function of scan rate. The solid curve in the graph
show the angle expected from a vertical growth rate of 9 nm s−1 and
is seen to be in agreement with the measurements. (d) The length of
the deposits versus scan rate. The solid curve indicates the distance
scanned by the beam. Above a certain threshold scan rate, the
deposits are shorter than the scanned distance. (e) Base width (filled
symbols) and tip width (horizontal bars) of deposits. The base and
tip width decrease with scan rate and the tip diameter also begin to
narrow compared to the base value around the threshold scan rate
until a minimum line width of about 60 nm is reached.

of a change of penetration depth. Lines were deposited
using 0.8 Torr water vapour as environmental gas at beam
acceleration voltages of 5, 10 and 20 kV. The starting points
of the lines were on the edge of a 1 μm thick silicon oxide
microcantilever coated with Ti/Au (100 Å/800 Å) [3]. After
deposition in ESEM, the dimensions of the structures were
measured using higher resolution SEM images, as the one
shown in figure 2(b). The accuracy of the measurements
was limited by the roughness of the cantilever surface and the
factors described in section 3.1. We estimate the uncertainty
to be about ±50 nm for the dimensions corresponding to about
±10◦ on the angle.

From the measured height of the deposits, the vertical
growth rate, vv, was found to be constant with a value of vv =
9±3 nm s−1 for all acceleration voltages. Figures 2(a) and (c)
show the angle (to horizontal) of the deposits versus the beam
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Figure 3. Measurements on conducting EEBD bridges. (a) ESEM image of bridges deposited between two cantilevers for electrical
measurements. (b) I –V curve of the bridge having the highest conductivity. The bias voltage was kept constant several times to observe the
time dependence of the current. In all cases the current was seen to approach a steady state after 2–3 min. The inset shows the current as
function of time for the last period.

scan rate vs. The solid curve represents the expected angle
dependence θ = arctan(vv/vs). The expected dependence
of the angle is seen to be in good agreement with the
measurements, considering the estimated uncertainty of ±10◦.

The lengths of the deposits are shown in figure 2(d). All
lines were deposited in 50 s. For low scan rates, the lengths
of the deposited lines were identical to the scanned distance
(indicated by the solid line, length = vs 50 s), but when
the scan rate was increased above a certain threshold, the
length of the deposit decreased, despite the increasing scanned
distance. At scan rates of about 50 nm s−1 only very short lines
were deposited. The presence of a threshold scan rate shows
that the deposition process cannot keep up with the scanning
electron beam, causing the deposition to terminate as the beam
moves ahead of the deposited line. The value of the threshold
scan rate appears to be slightly lower at a beam energy of
5 keV (approximately 25 nm s−1) compared to the threshold
at 10 keV (approximately 30 nm s−1). We did not reach the
threshold for 20 keV in this experiment.

The diameters of the deposited lines decrease with
increasing scan rate, both at the base and at the tip of the
lines, as shown in figure 2(d). Furthermore, the tip diameter
is reduced compared to the base diameter for lines deposited
around and above the threshold scan rate. The tip diameter
seems to reach a lower limiting value of about 60 nm.

Since parallel deposits are supposedly being caused by
primary electrons penetrating the deposited structure, it is
interesting to note that at high scan rates the 5 and 10 keV
deposits had an average of 3 parallel lines, while the 20 keV
deposits only had 1.5 parallel lines on average. The parallel
deposits are spread over the thickness of the cantilever but
only 10% of the tips are in the lower 250 nm of the 1 μm
thick cantilever, indicating that the finite width of the cantilever
probably did not affect the observed number of parallel
deposits. The number of parallel deposits also decreased with
decreasing scan rate, giving a high probability for a single line
at scan rates below 10 nm s−1.

3.3. Electrical properties of EEBD structures

The presence of a solid gold core in the deposited
material makes EEBD useful for interconnecting micro- and
nanostructures [12]. The electrical properties of the deposits

are ultimately tested by forming deposits bridging the gap
between gold-coated micro-cantilevers. In a previous study, a
solid gold core was observed only in the presence of water [11].
We here determine the effect of the gold core by comparing
bridges deposited by EEBD in nitrogen as well as bridges
deposited in water.

As described in the previous section, the EEBD of 1 μm
long completely horizontal bridges is not immediately possible
due to the threshold limiting the achievable length at low
angles, see figure 2(a). However, the starting point of the
bridge often lies on the side of the cantilever below the surface
level and deposits with angles of 10◦–20◦ can thus bridge
the cantilever gap. The success ratio for achieving electrical
contact when depositing bridges on a horizontal electrode
structure is rather low, as this experiment intentionally pushes
the method to the limits. It was not attempted to make counter-
parallel lines meet in the middle of the gap, since the effect of
possible contamination layers between the lines could make
interpretations of such measurements difficult. Tilting the
substrate should make it possible to make bridges with a higher
success ratio.

An ESEM image of a series of deposited bridges is shown
in figure 3(a). In total, 22 bridges were deposited with
varying scan rates; half of these were deposited in nitrogen
and the other half in water vapour. Successful electrical contact
(R < 200 M�) was achieved in five cases using water vapour
and in one case using nitrogen. During deposition, 13 bridges
appeared to bridge the gap, but for 7 of these, later SEM
inspection showed that the bridge either had too high an angle
to reach the target cantilever or appeared to have broken during
deposition. The resistance and the maximum current carrying
capability were determined after deposition of each bridge by
increasing the bias voltage and measuring the current until
failure of the bridge.

Figure 3(b) shows the I–V curve of a deposited bridge.
The bridge shown has the highest measured conductivity, but
the behaviour is representative for bridges deposited in water
vapour. At low bias voltages a linear I–V relationship was
found. As the bias was raised, the resistance decreased. The
increase in bias voltage was stopped several times to observe
the time dependence of the current at fixed high bias. For fixed
bias, the current increased with time, approaching a steady
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Table 1. Electrical properties of EEBD bridges with smallest
measured resistance, Rmin, maximal current, Imax, maximal current
density, Jmax, and minimum resistivity, ρmin. For bridges deposited
in water vapour, the current density and resistivity are based on the
cross-section of the gold core, which is typically 10% of the entire
bridge cross-section. For comparison, the resistivity of gold is
ρ = 24 × 10−9 � m.

ESEM Rmin Imax Jmax ρmin

gas (k�) (μA) (109 A m−2) (10−9 � m)

H2O 2 5.7 9.0 732
H2O 0.2 655 926 88
H2O 0.2 708 2500 42
H2O 1.7 36 a a

H2O 3.2 40 46 1750
N2 2 × 103 5.5 6.5 106

a An estimate of the bridge cross-section was not possible
due to the presence of several parallel bridges.

state. The observed time dependence suggests that annealing
effects reduce the resistance of the bridge. The inset shows the
current as function of time at a fixed bias of 260 mV, where the
current approaches a steady state over 200 s until the bridge
finally fails.

Table 1 lists the measured minimum resistance and
maximum current through each of the approximately 1.5 μm
long bridges together with the maximum current density and
lowest resistivity calculated for the core as measured from SEM
images. Typically the outer width of the bridges was 100 nm
and the gold core diameter 30 nm. Only depositions in water
vapour had cores visible in SEM images.

The single bridge deposited in nitrogen that achieved
contact had a resistivity approximately three orders of
magnitude higher than those deposited in water vapour, and
failed at a current of just 5 μA. All bridges deposited in water
contained solid gold cores and had resistances of the order of
1 k�. Two bridges were capable of carrying currents higher
than 0.6 mA and sustained a power of about 100 μW before
failure. This indicates that the gold core is highly conductive
compared to the material consisting of gold nanoparticles
embedded in amorphous carbon, which makes up the entire
deposit when nitrogen is used as the environmental gas and is
also similar to the material in the shell surrounding the gold
core in water deposits (see figure 1(a)). Table 1 shows the
current density and resistivity calculated with the assumption
that all current is carried in the core. The highest current
density reaches 1012 A m−2 and the lowest resistivity is within
an order of magnitude from that of bulk gold (24×10−9 � m).
This is comparable to the limits for the properties of gold
nanowires described by Durkan and Welland [18] and the
EBD results achieved by Utke et al (220 × 10−9 � m) [9].
If the current is assumed to flow through both core and
crust, we obtain current densities a factor of 10 smaller and
correspondingly higher resistivities. Even if both core and
crust are carrying current at high bias, the structures are
still highly conductive and capable of sustaining high current
densities, comparable to, e.g. carbon nanotubes [19] and gold
wires made by electron beam lithography [18].

3.4. EEBD soldering of carbon nanotubes

Highly conductive EEBD has also proven useful for
soldering nanostructures, such as carbon nanotubes to

400 nm 200 nm

(a)

(c)

(b)

(d) (e)

2 μm

Figure 4. EEBD soldered multiwalled carbon nanotube. ((a), (b))
SEM images of a carbon nanotube bridge attached by EEBD
between two microcantilevers being stretched by deflecting one
microcantilever to the side. (A video sequence is available online.)
(c) Conductance measured during nanotube stretching (open circles)
and release (dots) showing a reversible conductance change of 1%.
Conductance is stated in units of G0 = 2e2/h = 6.5 k�.
((d), (e)) Close-up SEM images of a solder point and a nanotube
bridge.

M Multimedia for this figure is available from
stacks.iop.org/Nano/15/1047

microelectrodes [11, 12]. Such nanotube devices generally
show resistances down to about 10 k� for nanotube bridges
with lengths of a few micrometres, indicating that the contact
resistance must be relatively low since the carbon nanotube
bridge itself is expected to contribute with a resistance value
of that order based on measurements obtained with scanning
four point probes [20]. Hence, the method compares to
lithographically defined contacts [21] and EBD-enhanced
contacts [7].

To investigate the properties of EEBD soldered nanotubes,
a multiwalled carbon nanotube (MWNT) was soldered to
two microcantilever electrodes, forming a bridge. The
carbon nanotube could be stretched by deflecting one of
the microcantilevers with an etched tungsten tip, while
simultaneously measuring the resistance of the device. This
measurement enables us to measure the strain-induced changes
in resistance of the device as well as setting a lower estimate
on the solder bond strength.

Figures 4(a) and (b) show two out of a series of SEM
images of the soldered nanotube bridge being stretched. (A
video sequence is available online.) It appears from the images
that the nanotube was fixed all the way to the edge of the
cantilever, so only the section of the nanotube suspended
between the microcantilevers was stretched in the process. The
strain was measured from the SEM images and the conductance
versus strain is plotted in figure 4(c). The conductance
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changed roughly 1% with a strain of 4%. This is a very
small response compared to measurements on single-walled
carbon nanotubes [22, 23]. While this could be due to the
electromechanical properties of the MWNT being different
from those of SWNT, other causes like high defect density
and a possible initial slack of the MWNT reducing the actual
stretching of the C–C bonds that leads to a change in resistance
must also be considered. The image in figure 4(d) of a soldering
region shows a dense gold core covered with a thin layer of
carbon and in figure 4(e) the nanotube itself has apparently
also been covered with a thin layer. Whether the soldering
and contamination of the nanotube affect the properties of the
nanotube and the measured strain-induced resistance change
is not known.

A lower limit for the strength of the soldering can be
estimated from the deflection of cantilever number 3, which
from the image is determined to be 0.92 μm. With a spring
constant of 19.7 N m−1, calculated from the dimensions and
materials of the cantilever, the force exerted on cantilever 3 is
of the order of 20 μN. A value for the Young’s modulus of
the nanotube based on the full cross-section of the nanotube
can hence be estimated to be 30 GPa, which is comparable to
previous measurements on multiwalled carbon nanotubes by
Wang [24]. With a soldering contact area to the nanotube of
about 0.1 μm2 in the deposited crosses, the shear stress of the
EEBD nanotube soldering must be higher than 200 MPa, which
is comparable to the yield strength of gold. That the nanotube
did not move on the cantilever surface during the experiment,
however, indicates that the soldered surface is larger and the
yield strength could be smaller.

4. Summary and conclusion

Environmental electron beam deposition (EEBD) was em-
ployed to create three-dimensional nanostructures containing
gold cores. Several issues important to consider when employ-
ing this technique have been identified: contamination effects
can coat the deposited and nearby structures, which later can
cause plastic deformation of the structures when exposed to
electron radiation. During deposition, parallel or branching
deposits can appear. Such deposits could possibly be used
to create parallel structures, but might also unintentionally
short-circuit structures. We have observed these effects in both
SEM and ESEM experiments. The issues regarding parallel
deposition and branching appear to diminish at higher primary
electron energies—contrary to the expectation that increasing
penetration depth would favour the creation of additional struc-
tures at high energies. When using focused ion beam for depo-
sition, the beam penetration depth is considerably smaller than
for electron beam induced deposition [24] and elaborate three
dimensional structures [25] have been created in carbon mate-
rial without obvious signs of the contamination and branching
effects reported in this paper for electron beam deposition.
However, FIB deposition can also create spurious depositions
as reported by Ishida et al [26] using W(CO)6 as precursor.

The effect of the scan rate of the electron beam on the
deposited structure was investigated in detail. The growth
rate of the structure in the vertical direction was found to be
independent of acceleration voltage and of scan rate up to the
threshold rate where deposition terminates. The angle of the

deposit could be varied from about 10◦ above horizontal to
vertical. However, deposition at angles lower than 30◦ to
horizontal is limited by a rapid narrowing of the deposited
tip structure, limiting the achievable length of such low-angle
deposits. The results indicate that deposition stops at the
highest scan rates when the line width of a free deposit reaches
a lower limiting value of around 60 nm. Based on the presented
observations, the EEBD technique appears to be most suited
for deposition at high acceleration voltages of structures with
angles above 30◦ to horizontal, where also the deposition of
parallel structures at low scan rates seems to be reduced. It
remains to be investigated how the observed effects and limits
depend on the source gas pressure.

Nearly horizontal bridge structures making electrical
contact across a 1.5 μm gap between microelectrodes were
deposited with a success rate of about 1/3. The deposited
bridges showed a strong dependence on the environmental
deposition conditions. The resistance of bridges deposited in
nitrogen was three orders of magnitude higher compared to
those made using water vapour, where a gold core was formed
in the deposit. This indicates that the gold core is highly
conductive compared to the material of gold nanoparticles
embedded in amorphous carbon, which surrounds the core
and makes up the entire nitrogen deposits. Assuming that
the current is carried in the gold core, a resistivity twice that of
bulk gold was achieved and current densities above 1012 A m−2

were reached. The EEBD structures appear to be suitable
for contacting nanostructures and have electrical properties
approaching those of multiwalled carbon nanotubes.

For horizontal carbonaceous deposits, Fujita et al [16]
recently reported minimum EBD line widths of the order 5 nm
and did not observe limitations on the length. However, no
conductivity measurements have yet been reported on such
deposits. The possibility of graphitizing carbon structures [27]
for improving the mechanical strength and potentially also the
conductance is an interesting possibility. Making deposits with
high gold content by EBD using carbon-free source gases also
appears promising [9], but whether limitations such as those
discussed above are present with this technique remains to be
investigated.

By soldering carbon nanotubes to microelectrodes we
have shown that EEBD can be used for highly conductive and
mechanically stable soldering of carbon nanotubes in order
to carry out strain measurements. Whether the soldering
and contamination of the nanotube affect the measured
strain-induced resistance change is not known. Preliminary
experiments in our setup indicate that the contamination by
EEBD soldering can be considerably reduced by using a valve
system to close the organometallic source when not needed.

Acknowledgments

We would like to thank Haldor Topsøe A/S for allowing us
to use the ESEM for this study and we appreciate technical
assistance from and discussions with Michael Brorson,
Charlotte Clausen Appel, Anna Carlsson and Sven Ullmann.
We thank Richard Czerw for providing carbon nanotube
samples. This research was supported by the Danish Technical
Research Council through a ‘Talent-Project’ grant.

1052



Environmental electron beam deposition

References
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ABSTRACT

Direct writing with gold by electron beam deposition is a method for rapid fabrication of electrically conducting nanostructures. An environmental
scanning electron microscope (ESEM) equipped with a source of the precursor gas dimethylacetylacetonate gold(III) was used to fabricate
nanoscale tips and bridges. Transmission electron microscopy was used to study how the composition of these structures was affected when
the background gas in the ESEM chamber and the electron beam parameters were varied. The nanostructures were layered composites of up
to three different materials each characterized by a certain range of gold/carbon ratios. Above a certain threshold of ESEM chamber water
vapor pressure and a certain threshold of electron beam current, the deposited tips contained a solid polycrystalline gold core. The deposition
technique was used to fabricate free-standing nanowires and to solder free-standing carbon nanotubes to gold electrodes as well as to other
carbon nanotubes.

Introduction. Electron beam deposition (EBD) is an attrac-
tive tool for rapid construction of three-dimensional nano-
structures with customizable mechanical and electrical
properties.1-3 Typically, in a scanning electron microscope
(SEM), a small amount of residual organic gas molecules is
present in the chamber. When the electron beam is focused
on a surface, the generated secondary electrons decompose
the organic gas molecules and a solid carbonaceous tip will
grow in the direction of the beam. By slowly scanning the
electron beam during deposition, more complex three-
dimensional structures can be fabricated.4 EBD has also been
used to attach nanotubes to other structures5 and to join
carbon nanotubes together.6

Metal-containing EBD materials can be obtained by
introducing an organometallic gas in the chamber. The metal
content of the EBD material can be increased by (i) heating
the substrate,7 (ii) using a precursor gas without carbon,8 or
(iii) introducing an additional gas such as water vapor while
using an enVironmental scanning electron microscope (ES-
EM).9,10 Recently, we demonstrated low contact resistance
soldering of carbon nanotubes onto microelectrodes using
organometallic EBD in an ESEM.11 Folch et al. investigated
EBD in an ESEM with dimethyl(hexafluoroacetylacetonate)
gold(III) as precursor gas.9 Using Auger electron spectros-
copy they found that the gold content of tips could be

increased to 50% by using 10 Torr 80%Ar/20%O2 as
chamber gas. However, Auger electron spectroscopy mainly
probes the outermost atomic layers (a few nanometers) of
the typically 20-200 nm wide structures.

In this article we report controlled EBD in an ESEM of
nanostructures with solid gold cores. The influence of various
parameters on the structure and composition of the deposited
material was investigated by high-resolution TEM (HRTEM).
It was found that the presence of water vapor in the ESEM
chamber plays a crucial role in obtaining dense, polycrys-
talline gold cores.

Experimental Methods. The deposition setup was in-
stalled in a Philips XL30 ESEM equipped with a field
emission electron gun. All experiments were performed at
room temperature using the precursor gas dimethylacetylac-
etonate gold(III), [Au(CH3)2(C5H7O2)]. The solid source
material (vapor pressure 0.01 Torr equal to 1.3 Pa at 25 °C)
was placed in a small aluminum cylinder mounted on a
nozzle with a 10 mm long, 1 mm diameter bore, ending about
1 mm from the TEM grid that served as the deposition
target. The cylinder was loaded with 50 mg freshly crushed
[Au(CH3)2(C5H7O2)] crystals before each ESEM session, but
the lifetime of the source varied substantially. Thus, tip
growth rates could vary as much as a factor of 2 from session
to session. Each graph presented in this paper is based on
data from within one single session. Without precursor gas
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present in the chamber, the deposition rate was negligible
in the high vacuum mode as well as in the gas mode of the
ESEM.

The dependence of the EBD tip structure and composition
on the various experimental parameters was investigated.
Before deposition of a tip, the electron beam was focused
to the smallest possible spot at the given experimental
parameters. During deposition, the beam was kept in the
same position for 120 s. The working distance was main-
tained at 10 mm in all experiments. The beam current was
controlled by changing the strength of the condensor lens
(i.e., spot size), and its magnitude was estimated by placing
an electrically conducting plate in the beam path and
measuring the absorbed current in high vacuum mode. This
is not a strictly correct measure of the beam current but for
the present purposes the method is adequate. In the experi-
ments, gas type, pressure, working distance, and temperature
were kept constant when beam current was changed.
Therefore, under the given conditions the ratio I/I0 (where
I0 is the intensity of the electron beam in a vacuum and I is
the intensity of the unscattered part of the beam) is expected
to be constant.12 Analysis of the deposited tips was made
by HRTEM at 200 kV in a Philips CM200 FEG UltraTwin.

Results. During a deposition session, the tip height grew
with a constant rate of up to 1.5 μm/minute, which is
comparable to EBD growth rates reported in the literature.7,13

The TEM analysis showed that, depending on the ESEM
parameters, the deposited tips may contain three distinct types
of concentric layers, which we shall refer to as core, crust,
and contamination layers. The apices of three tips with
different morphologies, all deposited by a beam of 10 kV
acceleration voltage and about 0.2 nA beam current, are
presented in Figure 1. Tips deposited in 1 Torr N2 (Figure
1a) consisted of gold nanocrystals (diameter 3-5 nm)
embedded in an amorphous carbon matrix; they appear
similar to tips fabricated by EBD in a traditional SEM.14

Tips deposited using 0.9 Torr H2O vapor as chamber gas
(Figure 1b) contained a central core of dense gold surrounded
by a crust resembling the material of the tip shown in Figure
1a. The tip presented in Figure 1c was made under similar
conditions as the tip in Figure 1b, but in this case a second
deposition was made 1.5 μm to the right of the tip shown.
This led to the tip becoming covered by a contamination
layer, thickest on the side facing the second deposition. The
contamination layer consisted of amorphous carbon with
lower gold content than the crust. When structures with
asymmetric contamination layers were imaged in SEM or
TEM, the tips slowly bent toward the side with the thickest
contamination layer (Figure 1d).

In HRTEM images of tip cores, crystal grains can often
be found over areas much larger than the typical diameter
of nanocrystals in the crust, and sometimes even comparable
to the core diameter. Figure 2 shows an example of such a
tip structure, where lattice patterns are visible across distances
much larger than the sizes of the crust nanocrystals.
Estimating the upper limit of the size of the core crystal
grains is not straightforward because the thicker parts of the
cores block the TEM electrons. Fourier transforms of TEM

core images show lattice spacings of 2.5, 2.1, and 1.5 Å
corresponding to gold lattice spacings 2.35, 2.04, and 1.44
Å, within an uncertainty of approximately 5%, which is
expected since the imaging conditions were not optimized
for calibrated measurements of lattice spacings. The large
crystal domains together with the observed lattice spacings

Figure 1. TEM images giving an overview of typical tip structures
deposited in an ESEM. (a) Deposition in nitrogen gas; tips consist
of gold nanocrystals embedded in an amorphous carbon matrix.
(b) Deposition in water vapor; tips consist of a dense core of gold
surrounded by a crust of gold nanocrystals in amorphous carbon,
i.e., the crust material is similar to the material of the tip in (a). (c)
Influence of later deposition nearby; a thick contamination layer
covers the tip on the side toward the deposition a few μm to the
right. Contamination layers have a lower gold content than the crust
material and are thicker on the side facing the later depositions.
Further, imaging of structures in ESEM with the source present
results in contamination layers of almost pure carbon (the uniform
outermost layer of the tip in (c)). (d) Influence on tips with
contamination layers of electron radiation in SEM or TEM;
irreversible deformation occurs as a bending toward the side with
the thickest contamination layer.

Figure 2. HRTEM image of a tip with a core. The cores often
contain large crystal grains visible over distances several times the
typical nanocrystal diameter. The two marked areas in the inset
show the approximate size and position of two large monocrystalline
grains in the tip apex. The higher magnification image show half
the upper grain, with the lattice structure indicated by the white
lines.
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and EDX spectra indicate that the core consists of solid
polycrystalline gold, with grain dimensions significantly
larger than the nanocrystals in the crust.

We have examined the dependence of the tip structure on
beam acceleration voltage, beam current, and chamber gas
pressure. These parameters were varied individually with
respect to a default setting of 10 kV acceleration voltage,
about 0.2 nA beam current and 0.8 Torr H2O pressure, which
was found optimal in terms of imaging. All tips were
deposited in 120 s. The acceleration voltage had little effect
on the layer structure except at low energies (<5 kV), where
the layer structure became more diffuse. At low acceleration
voltages the beam is significantly broadened due to scattering
of the primary electrons on the chamber gas. The dependence
of the structure on beam current and chamber gas pressure
is presented in Figure 3.

The observed structural dimensions for tips deposited at
different beam currents are shown in Figures 3a and 3b.
Figure 3b shows an increase of the core diameter with beam
current. The fit indicates that the core diameter is proportional
to the square root of the current.

The type and pressure of the chamber gas used during the
deposition also affects tip structure and dimensions (Figure
3c and 3d). The outer (crust) diameter is approximately
constant with pressure and similar for H2O and N2 (Figure
3c), indicating that the beam is not significantly widened,
despite the expected larger scattering of the primary beam
at the highest pressures. No cores were observed in the tips
deposited in N2 at any gas pressure. Using water vapor
pressures above about 0.4 Torr, the tips contained a solid
core surrounded by a crust as shown in Figure 1b, while no
cores were seen below this threshold pressure. Both tip height
and core diameter appeared to decrease rapidly with decreas-
ing vapor pressure when approaching the threshold. Tips
were also deposited using two different gas mixtures, 60%He/
40%H2 and 80%Ar/20%O2 (both at 2 Torr), where the
amounts of O and H in the chamber corresponds to that of
water vapor at 0.8 Torr. It was not possible to produce any
cores in these experiments, while using water at 0.8 Torr as
chamber gas resulted in a core in all experiments.

By scanning the electron beam along a line during
deposition, we deposited wires on surfaces as well as from
free-standing wires. Using a free-standing carbon nanotube
as the starting point, a wire was deposited in the plane
perpendicular to the beam by scanning the beam at a speed
of a few nm/s (Figure 4a). Like the tips deposited on surfaces,
these wires have a core with high gold content. The wire
appears to be firmly attached to the carbon nanotube, which
was noticeably deformed at the joint. Both the nanotube and
the gold wire were covered by a low gold-content contami-
nation layer that arose while imaging at high magnification
in the presence of the precursor gas. Figure 4b shows a SEM
image of a nanotube soldered to an electrode as reported in
ref 11. The line width of such depositions can be down to
20-30 nm, and we have achieved continuous cores with line
widths down to 10-20 nm for both fixed and scanned beam
depositions (see Figure 3b (and inset), 4a, and 4b).

Discussion. The TEM analyses show that the EBD tips
made in ESEM have a unique layer structure, to our
knowledge not previously reported in the literature. Three
distinct types of layers have been identified: a core, a crust,
and carbonaceous contamination layers. From Figures 1a and
1b it is evident that the crust material consists of crystalline
particles (3-5 nm diameter) separated by about 1-2 nm.
The precursor gas dimethylacetylacetonate gold(III) has a

Figure 3. Tip structure as function of beam current, pressure, and
type of the chamber gas. All tips were deposited in 120 s using 10
kV acceleration voltage. (a) Tip height (dots) vs beam current with
0.8 Torr H2O as chamber gas. The inset shows a SEM image of a
tip with a crust, which is transparent to the 30 kV SEM beam
electrons used for imaging, and a solid core, which appears opaque.
(b) Tip diameter (of core (dots) and crust + core (circles)) vs beam
current also with 0.8 Torr H2O as chamber gas. The diameter of
the core was proportional to the square root of the current (cf. the
curve shown). The insets show TEM images of tips deposited at
different currents. (c, d) Tip diameters and heights obtained at
different chamber gas types and pressures at a constant primary
beam current (0.2 nA).
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C/Au ratio of 7:1. In a solid material consisting of gold
spheres with a diameter of 3 nm and graphitic carbon, the
gold spheres must be spaced by 1 nm to give the C/Au ratio
of the precursor gas. This spacing is consistent with our
observations for tips deposited in N2, in 60%He/40%H2, and
in 80%Ar/20%O2.

Based on the observed lattice patterns of the cores, with
crystal domains much larger than the nanometer-sized
crystals commonly seen in the crusts, we find that the cores
most likely consist of solid, polycrystalline gold. This is
supported by the low resistivity of 10-4 Ωcm measured on
bridges made of this material, as reported in ref 15. Further,
bridges deposited using the chamber gas N2, which gives
no core structure, showed resistivities beyond the measure-
ment sensitivity, i.e., several orders of magnitude higher than
the value of ref 15. An extensive study of the mechanical
and electrical properties of these structures is in progress.
Solid gold cores have been observed with diameters from
around 10 nm to 150 nm (Figures 3 and 4). Cores thinner
than about 10 nm appear as dense regions with crystallites
rather than as continuous solid cores resembling the structure
of the core in Figure 4a.

The core diameter can apparently be controlled through
the beam current and the water vapor pressure. Compared
to deposition in N2, deposition in the presence of water vapor

leads to taller and wider tips as well as a higher gold content,
since the gold core takes up a significant fraction of the tip
volume. Folch et al. found by Auger electron spectroscopy
that oxygen mixtures gave rise to higher gold contents than
water vapor.9 The discrepancy may be explained by the fact
that Auger electron spectroscopy probes only the outermost
layers of the tips. A minimum requirement for the generation
of a core appears to be a water vapor pressure of about 0.4
Torr. We found that the cross-section area of the core was
proportional to the beam current (Figure 3b). No gold cores
were formed when N2, O2/Ar or H2/He was used as chamber
gas, even though the content of O and H in the gas mixtures
were comparable to water vapor pressures that consistently
gave dense cores. We notice that water is known to influence
the diffusion of gold during deposition16 and that irradiation
is capable of affecting the diffusivity of gold clusters.17

The tip height appears to decrease at beam currents higher
than 0.2 nA and lower than 0.04 nA (Figure 3a). The reason
could be that it is difficult to focus at small and large spot
sizes (low and high beam currents, respectively). From Figure
3b it seems that at beam currents higher than about 0.05 nA
the increase in combined crust and core diameter follows
the increase in core diameter. At beam currents lower than
0.05 nA the combined crust and core diameter increases
while the core diameter decreases. An explanation may be
that as the core diameter decreases, a larger amount of
electrons may be able to escape the tip edges and thus cause
crust deposition when decomposing precursor gas molecules.

When imaging at very high resolution and in the presence
of the gold precursor gas, an outer layer of almost pure
carbon, a so-called contamination layer, formed on the
deposited structures. Also, when depositing groups of closely
spaced tips, a similar layer with very low gold content was
observed on the deposited tips at the side that had later faced
the beam. The deposition rate in the absence of the precursor
gas source was negligible, indicating that the formation of
these contamination layers is due to the precursor gas. The
contamination layers appeared to induce stress in the tip
structures when exposed to electron radiation during imaging
in SEM or TEM. The structures were seen to bend toward
the side with the thickest contamination layer and retained
the bent shape after being exposed to air. This phenomenon
has not been reported in earlier work, although we have
observed a similar behavior for carbonaceous tips made by
EBD from the background gas in a traditional SEM.
Mechanically tuning the shape of nanostructures by exposing
irradiation-sensitive layers is an intriguing possibility. Pre-
liminary experiments using a controllable source that can
be closed when deposition is undesired, show that the
thickness of contamination layers can be reduced drastically,
thereby also reducing the deformation effect during subse-
quent imaging.

The EBD method provides the unique possibility of
directly forming electrical and mechanical interconnections
between free-standing carbon nanotubes and other micro-
and nanostructures. The TEM images of nanotube soldering
show that the gold connections deform or collapse the
nanotube in the joint, which may damage the graphitic layer-

Figure 4. (a) High-resolution transmission electron microscopy
image of a joint between a carbon nanotube and a deposited gold
wire. The gold wire (1) was made by scanning the beam across a
free-standing carbon nanotube (2). Deformation of the nanotube is
seen in the joint (3). Both nanotube and gold wire are covered by
a 20-30 nm thick contamination layer. (b) An ESEM image of a
suspended carbon nanotube soldered onto two gold electrodes by
cross-shaped gold depositions. The line width of the depositions is
about 20-30 nm. The measured resistance across such bridges is
typically in the 10 kΩ range.11
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structure of the nanotube close to the solder material. How
this affects the electrical properties of the nanotube remains
to be investigated.15 Also, depositions of material on surfaces
may give rise to a different material structure, since the
surface influences the generation of secondary electrons,
which play an important role in the deposition process.18

The fast construction of three-dimensional solid gold
nanostructures could find applications in many areas of
nanotechnology. Apart from rapid prototyping and wiring
of electrically conducting structures with potential use as
wires, field emitters, strain gauges or thermal sensors
(depending of composition), the method has already proven
useful for soldering of nanotubes.11 Furthermore, gold can
easily be functionalized to modify the chemical properties
of the surface, which may be used to make scanning probe
microscopy tips with tailored friction, adhesion or conducting
properties.
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ABSTRACT

Suspended bridges of individual multiwalled carbon nanotubes were fabricated inside a scanning electron microscope by soldering the nanotube
onto microelectrodes with highly conducting gold−carbon material. By the decomposition of organometallic vapor with the electron beam,
metal-containing solder bonds were formed at the intersection of the nanotube and the electrodes. Current−voltage curves indicated metallic
conduction of the nanotubes, with resistances in the range of 9−29 kΩ. Bridges made entirely of the soldering material exhibited resistances
on the order of 100 Ω, and the solder bonds were consistently found to be mechanically stronger than the carbon nanotubes.

Carbon nanotubes have been proposed as prototypical
nanoscale building blocks because of their unique mechanical
and electrical properties.1 To explore their potential in
physics, chemistry, and biology, a number of methods have
been employed to form electrical and mechanical connections
to devices and nanostructures.2-5 We present an in situ
method for the highly conductive attachment of nanoscale
components by the use of a gold-carbon composite soldering
material deposited by a focused electron beam. This method
does not require electrical contact to the electrodes or the
component and allows for the assembly of 3D structures.

We used a Philips XL30 ESEM-FEG environmental
scanning electron microscope, operating at a water vapor
pressure of 100 Pa. Dimethylacetylacetonate gold(III), which
has a vapor pressure of 1 Pa at 25 °C, was placed in a
container with a narrow bore tube to control the diffusion
of organometallic vapor onto the sample. The electron beam
locally decomposes the organometallic compound and thereby
deposits a material with metallic content.6 Using a 2-mm-
long tube with a diameter of 0.8 mm, we obtained a growth
rate of 500 nm/min. Tips with lengths of more than 10 μm
could be grown without a significant decrease in the growth
rate. All depositions were made at room temperature. A
nanomanipulator stage inside the chamber was used to move
a silicon chip with two cantilever microelectrodes.7 The
electrodes were connected to a DC voltage source, and the
current was monitored continuously (see Figure 1a). Samples

of free-standing multiwalled carbon nanotubes (MWNTs)
were prepared8 and characterized by transmission electron

* Corresponding author. E-mail: pb@mic.dtu.dk.
† Technical University of Denmark.
‡ Haldor Topsøe A/S.

Figure 1. (a) Illustration of two microelectrodes positioned close
to a multiwalled nanotube (1) extending from a catalyst particle
on a substrate. Organometallic molecules decomposed by the
electron beam (2) are deposited to form a cross-shaped solder bond
(3) and a protective bond (4) near the edge of the electrode. (b)
ESEM image of a carbon nanotube across two electrodes, connected
by soldering bonds and protective bonds (top). When the electrode
pair is withdrawn, the nanotube breaks at the protective bonds
(bottom).
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microscopy (TEM), which revealed the presence of more
than 20-μm-long, 80-120-nm-wide MWNTs. In the ESEM,
a microelectrode pair was aligned to a nanotube extending
from the sample so that both electrodes touched the nanotube.
By slowly scanning the beam across the nanotube at the point
of contact to the first electrode, two cross-shaped gold-
carbon soldering bonds were formed.

The deposition of a set of protective bonds near the edge
of the microelectrodes allowed us mechanically to break off
the MWNT parts extending beyond the electrodes without
damaging the soldering bonds (see Figure 1b, lower panel).
We consistently observed the MWNTs to break rather than
the protective bonds, both for tube-electrode bonds (Figure
1) and for tube-tube bonds, as shown in Figure 2. To avoid
unwanted contamination of the nanotubes by soldering
material, we avoided imaging the suspended part of the
nanotubes at high magnification.

For all of the examined bridges, electrical contact was
established during the soldering procedure at the second
electrode. In the example shown in Figure 3, the current
increased in two steps, first from 0 to 60 nA and then
abruptly to 300 nA, at a bias voltage of 10 mV. A linear
current-voltage curve was measured, indicating metallic

conduction (Figure 3, inset), and the resistance was 27 kΩ.
We connected four nanotubes and every time obtained
reliable ohmic contacts upon soldering to the second
electrode, with resistances of 9, 11, 27, and 29 kΩ, with no
clear correlation to the length of the MWNT bridge. The
resistances of the nanotube bridges were unaffected by the
breaking of the nanotube extensions and by the deposition
of the protective bonds and were found to be constant in air
for days.

We verified that the soldering material itself was conduct-
ing by depositing gold-carbon bridges between microelec-
trode pairs (Figure 4a) and measuring the IV characteristics.
All of the bridges that connected properly to both micro-
electrodes, such as bridges 1 and 2 in Figure 4a, showed
ohmic resistances between 80 and 520 Ω. By estimating the
cross section of the bridges from SEM images and taking a
serial resistance of roughly 60 Ω into account, we obtained
resistivities down to 10-4 Ω cm. TEM analysis of the
soldering material revealed a gold-carbon composite struc-
ture with a porous crust of 3-5-nm nanoparticles around a
dense core (Figure 4).

We also attached MWNTs to microelectrodes by means
of nonmetallic carbonaceous material; these devices showed
electrical conduction in the megaohm range. This strongly

Figure 2. SEM image sequence of tube-to-tube soldering showing
the approach of a nanotube soldered to a microelectrode toward a
MWNT extending from the substrate (a) and subsequent soldering
of the tube ends (b). Withdrawal of the electrode broke the nanotube
and not the bond (c).

Figure 3. Current vs time during soldering of the MWNT using
the electron beam. A fixed voltage of 10 mV is applied across the
microelectrodes. During the formation of the second soldering bond,
the current suddenly increased to a stable 300 nA. The IV
characteristic (inset) was found to be linear.

Figure 4. (a) SEM image of three bridges of soldering material
deposited between microelectrodes by scanning the electron beam
across the gaps at different speeds (fastest for bridge 1). The
resistances were 127 Ω for bridge 1 and 520 Ω for bridge 2. Bridge
3 did not connect to both electrodes. (b) TEM image of a beam of
soldering material, showing a dense core encapsulated in a porous
crust. In the inset, the porous crust structure with 3-5-nm
nanoparticles can be seen.
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indicates that the metal content of the soldering material is
necessary for good electrical contact.

The question regarding the contribution of individual shells
in MWNTs to the conductivity of the tube is still not
resolved. Frank et al.9 observed a consistent resistance of
13 kΩ for nearly defect-free arc-discharge-grown MWNTs,
whereas Collins and co-workers10 found lower values (5-
15 kΩ) and evidence of several contributing shells at low
bias. Chemical-vapor-deposited nanotubes generally contain
more structural defects than arc-discharge-grown nanotubes,
which leads to a curving of the nanotubes (see Figure 1).
The reason for the relatively small resistances (compared to
those in ref 9 and 10) observed in our CVD-grown nanotubes
is not clear. It has been proposed that structural defects may
decrease the intershell resistivity. In our case, this could lead
to more shells contributing to the transport, thus partially
compensating for the reduced resistance of each shell.

The resistivity of the soldering material is slightly larger
than the value of 1.3 × 10-5 Ω cm reported by Bietsch et
al. for microcontact-printed pure-gold nanowires of similar
dimensions11 and 2 orders of magnitude larger than that of
bulk gold. For electron-beam-deposited nanowires, resis-
tances as small as ours have been obtained by heating the
sample to 80 °C during deposition to increase the relative
content of gold.6 These values were obtained only after
annealing at 180 °C, which further reduced the resistivity
by 2-3 orders of magnitude. One possible explanation for
the high conductivity of our material achieved at room
temperature without annealing could be that the presence of
H2O in the sample chamber reduces the relative amount of
carbon, as suggested by Folch and co-workers.12 This could
be clarified by analyzing the chemical composition of the
soldering material deposited at different vapor pressures.

The method of nanosoldering presented here does not

depend on the particular nanocomponent or on the electrodes.
It involves no lithographic steps or electrical connections
such as in spot welding,5 and it is straightforward to achieve
accurate alignment. The soldering bonds were found to be
mechanically strong compared to the MWNTs. To investigate
this quantitatively, a piezo-resistive force sensor will be
integrated in the setup. We anticipate automated electron-
beam nanosoldering to be useful for quickly connecting
complex circuitry consisting of nanoscale components in a
way similar to the soldering of electronic components on
the macroscale.
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1. INTRODUCTION

Since the discovery of carbon nanotubes a decade ago, the
fascinating properties of these and other wire-like nano-
structures have been the subjects of intense study. To realize
the potential of nanotubes and nanowires as active compo-
nents in electronic devices, methods for reliable integra-
tion with microstructures are required.

Scanning probe microscopes have been widely used for
manipulation of nanotubes on planar surfaces to measure
rolling, sliding, and bending properties of single-walled
nanotubes (SWNTs),1, 2 construction of �eld-effect tran-
sistors,3 and detailed studies of nanotube junctions.4 In
these experiments, tube-surface adhesion often plays a
dominating role. It has also been shown that the electrical
properties of SWNTs can be considerably affected by
direct contact to a surface.5

Common strategies for three-dimensional integration
include directed growth of nanostructures on microelec-
trodes,6, 7 assembly in liquid solution using �ow align-
ment,8 and direct mechanical assembly using sharp tips.9, 10

Opening and closing of nanotweezers designed for nano-
manipulation have been demonstrated in a scanning elec-
tron microscope (SEM),11–13 and nanotweezers have
also been used to pick up nanoscale objects in ambient
conditions.11, 13

So far, approaches to reliable pick-and-place assembly
of nanowires and nanotubes have not been reported. The
key issue is to control the balance between the sum of
forces acting between the object and the surface, Fsurface,
and the forces acting between the object and the tool, Ftool.
Although picking up an object requires Ftool to overcome
Fsurface, the balance must be reversed to place and release
the object. On the nanoscale, controlling this balance is

Towards Pick-and-Place Assembly
of Nanostructures

Kristian Mølhave, Torben Mikael Hansen, Dorte Nørgaard Madsen, and Peter Bøggild
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We examine an approach to three-dimensional pick-and-place assembly of wire-like nanoscale
components, such as carbon nanotubes and silicon nanowires, on microstructures inside a scan-
ning electron microscope. In this article we demonstrate that microfabricated electrostatically actu-
ated tweezers can pick up silicon nanowires and show how electron beam deposition of carbon
residues can be used to assemble carbon nanotubes on microelectrodes.
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particularly dif�cult due to the presence of forces such as
van der Waals and electrostatic forces. The snap-in and
sticking effects arising from these forces are among the
main challenges of micro- and nanoscale pick-and-place
manipulation.

In this work we examine an approach to pick-and-place
integration of nanowires and nanotubes on microstructures
inside a SEM. We use microfabricated, electrostatically
actuated tweezers capable of applying an adjustable force
to an object. When the tweezers are opened to release an
object, electrostatic forces may still prevent well-controlled
placement. To secure precise placing of the object, elec-
tron beam deposition (EBD) may be used in situ to “sol-
der” the nanotube/nanowire onto the desired location and
thereby increase the surface adhesion. Electron beam de-
posits are formed through a decomposition of gas mole-
cules by localized electron irradiation inside a SEM. The
gas source can be the carbonaceous background gas pre-
sent in the SEM, which has been used to attach carbon nan-
otubes to other objects14, 15 or a selected organometallic
precursor gas, which can result in deposits with high metal
contents16 and can form highly conductive connections to
carbon nanotubes.17

In this article we �rst describe the design of tweezers
and manipulation of silicon nanowires using these tweez-
ers. Then we demonstrate that EBD provides a convenient
tool for accurately placing nanocomponents, by soldering
with deposits smaller than 50 nm.

2. EXPERIMENTAL DETAILS

The microtweezers consist of three to �ve cantilevers.
Figure 1 shows a SEM image of a �ve-electrode tweezers
chip, fabricated in a silicon microfabrication process.12, 18

The process allows any planar miltielectrode geometry
with a linewidth down to 750 nm and cantilever lengths up
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to 80 mm. The cantilevers are made of a 1-mm-thick silicon
oxide layer covered with a thin layer of metal (100 Å
Ti/1000 Å Au). By applying a voltage between the narrow
�exible tweezers electrodes and the wide “driver” elec-
trodes (Fig. 1b), the electrostatic attraction causes the
tweezers gap to open or close, depending on whether the
inner or the outer driver electrodes are biased. Because no
voltage difference has to be applied between the tweezers
arms, the electrostatic �elds near the grabbed object can be
made insigni�cant, reducing the risk of unwanted electro-
static forces on the object. EBD can be used to add tips
with diameters in the 100 nm range at the apex of the
microcantilevers (Fig. 1c), which should make it possible
to manipulate objects much smaller than the micron-sized
cantilevers. With this technique we achieve a considerable
reduction of the contact area, thereby reducing the tip–
object adhesion forces. The minimum stable gap obtained
with this technique is 25 nm.12

The change in gap size as a function of applied voltage
is shown in Figure 1a for three devices with varying
lengths of tweezers arms. The bottom curves demonstrate
opening (1) and closing (1c) of one 40-mm-long tweezer
arm. The longer devices (50- and 60-mm arms) exhibit
steeper actuation curves (2 and 3). The maximal gripping
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Fig. 1. (a) Actuation curves for three different microtweezer arms,
showing the change in gap size relative to the neutral position as a func-
tion of applied voltage. Curves 1 and 1c are opening (1) and closing (1c)
actuation curves from the same device. In both cases, the actuation curves
exhibit a nearly parabolic behavior at low voltages. Curve 2 shows two
consecutive actuation curves for a 50-mm-long microtweezer arm, where
the arms snapped in between the �rst and the second measurement. The
negligible difference demonstrates the reproducibility of the actuation.
Curve 3 shows an actuation range of 400 nm at 14 V obtained using a
60-mm-long pair of tweezers. (b) SEM image of a pair of microtweezers
with three wide driver electrodes and two long �exible tweezers elec-
trodes. (c) SEM image showing the apex of a pair of microtweezers with
EBD tips deposited using the SEM background gas. The deposited tips
reduce the size of the gap to 100 nm.

forces are in the sub-mN range. In the experiments described
below, these nanotweezers devices were used as tools for
manipulation of nanowires and for support for suspended
nanotube bridges attached using EBD.

The manipulation setup consists of two platforms that
can be positioned in three dimensions with nanometer pre-
cision using joystick-controlled PC interfaces. One plat-
form is placed on the 5 dF stage of a LEO 1550 SEM and
is capable of supporting several substrates and tools, such
as microtweezers and four-point probes. The other plat-
form is mounted on a xyz-manipulator from Klocke Nano-
technik and holds a single pair of microtweezers.

3. RESULTS

The image sequence in Figure 2a–c shows a pair of micro-
tweezers grabbing a silicon nanowire. The tweezers have
an actuation range of 300 nm at a voltage of 30 V. The sil-
icon nanowire has a diameter less than 100 nm and is ini-
tially lying on a gold-coated Si substrate. To con�rm that
the applied force and not the adhesion of the wire to the
tweezers is dominating the pick-up process, the micro-
tweezers were �rst closed around the wire (Fig. 2a) and
subsequently reopened (Fig. 2b). Although the nanowire
adhered to the tweezers, the adhesion forces were not suf-
�cient to pull the wire off. Closing the tweezers again (Fig.
2c) allowed the wire to be picked up.

The silicon nanowires require much less force for
released from the substrate than the carbon nanotube sam-
ples available for the study. While modi�cations of the
nanotweezer shape to facilitate picking up of carbon nan-
otubes are in progress, we have explored the possibilities
of controlled placing of nanotubes using EBD.

We �rst investigated the mechanical strength of the
EBD-grown tweezers tips and a multiwalled carbon nan-
otube (MWNT) extending from a disordered bundle. They
were brought in contact and soldered together using a 30-s
exposure to a 5 kV beam, illustrated by the triangle in
Figure 3a. When the microtweezers were retracted, the

Fig. 2. SEM images of microtweezers gripping a silicon nanowire,
which is less than 100 nm wide. (a) The nanowire is gripped at an actua-
tion voltage of 30 V applied between the inner electrodes. (b) The wire is
released to verify that adhesion forces alone are not suf�cient to pull the
wire off the substrate. (c) Finally, the tweezers are closed again using a
30 V bias voltage, enabling the nanowire to be gripped and pulled off the
substrate.



nanotip eventually broke off at the microelectrode (Fig.
3b). By measuring the bending of the tweezers electrode,
the tensile strength was estimated to be on the order of
0.1 mN. The nanotip was subsequently brought in contact
with the electrode close to its original position (Fig. 3c).
Another 30-s EBD exposure �lled the gap between the
dangling tip and the electrode, establishing a �rm connec-
tion at the base of the tip (Fig. 3d–e). The deposit was less
than 50 nm in size. By retracting the tweezers a second
time, the nanotube broke off, leaving the tip in its new
position.

In a subsequent experiment, we connected a MWNT
with a diameter of 20–30 nm between the thin EBD tips by

�rst soldering the tube to the left tip (Fig. 3g), dragging it
across to the second tip, and �nally soldering at the point
of contact on the second tip (Fig. 3h). The second bond
was strong enough to allow the excess tube to be broken
off, while leaving the bridge intact. The EBD tips pro-
duced from the background gas in these experiments were
not conducting and we measured no electrical conduction
(,1 nA at 100 mV bias) in these devices, which sustained
bias voltages of several volts.

4. DISCUSSION

We have demonstrated that silicon nanowires can be
picked up by electrostatically actuated microtweezers pro-
vided that Ftool . Fsurface and that carbon nanostructures
can be interconnected and integrated on microelectrodes
using EBD. Although the two experiments show the feasi-
bility of pick-and-place integration of nanoobjects using
tweezers, the results also show the ef�ciency of EBD for
performing nanomanipulation even for materials adhering
so strongly to the substrate that they cannot be picked up
by the tweezers (Ftool , Fsurface).

Compared to manipulationusing a sharp tip, grabbing of
a nanowire with tweezers ideally prevents the nanowire
from being misoriented by electrostatic forces in the SEM
caused by charging, without the need for contamination of
the wire by electron beam deposition. Compared with nan-
otube nanotweezers,11, 13 the micrometer-wide arms seem
ef�cient in limiting the freedom of movement of the gripped
object. However, with the present setup and microtweezers
designs, careful optimization of the accelerating voltage for
the electron microscope is necessary to minimize charging
of the gripped object and surroundings. Improved tweezers
designs, capable of applying larger forces, are under devel-
opment to widen the range of applications.

The source gas for EBD in the results presented was the
background gas present in the electron microscope. The
presence of the carbon nanotube sample appeared to con-
tribute to the amount of carbonaceous gas near the electron
beam, because the deposition rate was generally higher
with carbon nanotube samples.

In the presence of the carbonaceous background gas, the
electron beam also deposited material on the nanotubes by
EBD when the nanotube was imaged over a long time
and/or at high magni�cation. Using a clean sample reduced
the contamination rate signi�cantly. EBD soldering with
negligible contamination should be possible by using an
EBD gas source with a controllable �ow rate. Such a sys-
tem is under construction.

Compared with pick-and-place integration, methods
such as dielectrophoretic integration and in situ growth are
typically faster, simpler, and scaleable to large production
quantities. However, control of the individual components
is not easily accomplished with such processes, partly due
to the randomness inherent to the assembly process.
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Fig. 3. Electron beam soldering of nanostructures. (a) A multiwalled
carbon nanotube extending from an entangled bundle of nanotubes was
bonded to the electrode using an electron beam. (b) The tweezers were
retracted, whereby the nanotip broke off. (c) The nanotip was then placed
in a new position near the electrode. (d) The electron beam spot was
directed toward the gap between the tip and the electrode. (e) The sub-
50 nm gap was �lled with carbonaceous material by a 30-s exposure.
(f ) Retracting the nanotube broke it off and left the tip in the new posi-
tion. (g) A multiwalled carbon nanotube was dragged across the two tips
and bonded.The bonding �xed the nanotube so that it could be broken off
the electrode. (h and i) A second, shorter nanotube was positioned and
bonded to the bridging nanotube. Charging of the carbon tips by the elec-
tron beam de�ected the nanotube and prevented it from being positioned
in the middle of the gap.



We have shown how microfabricated tweezers are capa-
ble of picking up silicon nanowires and demonstrated that
electron beam deposition is a versatile in situ method for
making strong connections between nanostructures and
microelectrodes. The proposed scheme is similar to auto-
mated pick-and-place of macroscopic electronic compo-
nents onto printed circuit boards, only in this case the
objects are 10000 times smaller. For large-scale produc-
tion of nanotube/nanowire-based devices, self-assembly
methods in principle offer a much higher throughput than
the nanoscale pick-and-place.Provided that precise control
of the positioning of the components can be obtained, such
methods would be of great importance for nanocomponent
production. We believe electron beam-assisted pick-and-
place assembly could become a routine method available
for a range of nanotechnology research and prototyping
applications.
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Abstract
Microfabricated grippers could be useful for the manipulation of nanoscopic
and microscopic samples. A survey is presented of the force requirements for
a microgripper to complete pick-and-place nanomanipulation tasks. We then
demonstrate in situ pick-and-place operations of nanowires inside a scanning
electron microscope using microfabricated electrostatically actuated grippers,
and compare the theoretically estimated force requirements with the results
of experimental tests of picking up nanowires to evaluate how grippers and
strategies for nanomanipulation can be optimized.

M This article features online multimedia enhancements

(Some figures in this article are in colour only in the electronic version)

1. Introduction

While micromanipulation with tools such as micropipettes
or lasers is a mature technique for handling microscopic
samples in liquids [1, 2], micro- and nanomanipulation in dry
environments is still a challenging task due to the absence
of liquids to reduce the often strong adhesion forces. In dry
environments, scanning probe microscopy (SPM) equipment
has been used to push, slide, and roll nanostructures in
two dimensions across surfaces. In this way proof-of-
principle devices such as field effect transistors have been
constructed [3]. Furthermore, numerous nanomechanical
investigations have been carried out using nanomanipulation,
for instance on carbon nanotubes [4, 5]. Compared to
SPM nanomanipulation, few examples have been published
with three-dimensional nanomanipulation in dry environments,
and this has to date mainly been done with one or more
individual SPM tips mounted on a manipulation unit, often in
combination with electron beam deposition for local gluing and
bonding [6, 7]. Apart from standard SPM tips, more advanced
tips such as nanotube brushes [8] or similarly functionalized
microstructures could also be used for nanomanipulation.

3 Author to whom any correspondence should be addressed.

Compared to manipulation using ‘single ended’ tools such
as SPM tips, a microfabricated gripper could provide better
control over the applied forces, as well as a more well-defined
mechanical grip on the object since rotation will be limited
by the gripper geometry. It is also possible to make direct
electrical and mechanical measurements on the grabbed object
if the gripper arms are made of conducting material or can
provide a force feedback signal. Over the last few years,
several research groups have been developing grippers for
micromanipulation and they have also become commercially
available from companies such as Nascatec and Zyvex. Many
different gripper actuation principles and designs have already
been explored, but often only to the point of proving the
actuation capability of the device, rather than actual testing of
the device on real samples. Of manipulation on the submicron
scale there have been few demonstrations. For instance,
gripper structures have been used to manipulate nanoparticle
samples both under ambient conditions [9], in situ SEM [10],
and in liquids: DNA [11, 12] and cells [13].

It appears that grippers could find a wide variety
of applications provided there is further development and
specialization of the gripper functionality for the various
environmental conditions. With grippers, one could imagine

0957-4484/06/102434+08$30.00 © 2006 IOP Publishing Ltd Printed in the UK 2434
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the development of a nanoscale workshop where individual
nanocomponents could be picked up, characterized and tested,
in a way not unlike how millimetre sized components are
normally handled with tweezers in an electronic workshop.
Common tasks would then be to transport an individual
nanostructure from the original substrate onto a transmission
electron microscope (TEM) grid for initial examination, and
then to mount it in a prototype electronic or mechanical
nanoscale device, or to mount it in ways that cannot easily be
achieved by direct growth or deposition.

One typical nanomanipulation task where a gripper is a
relevant tool is handling of TEM samples which, due to the
limitations of transmission electron microscopy, generally have
a thickness smaller than 200 nm, such as TEM lamellae or
nanotubes/wires. TEM lamellae are slices cut out of a larger
sample by focused ion beam milling and they are usually
some micrometres wide and long. Depending on the material
and fabrication process, nanowires and nanotubes may have
lengths of a few hundred nanometres to several hundreds
of micrometres. A nanomanipulation system, including the
environmental chamber, actuators, and grippers, should at least
be capable of handling these types of component. The focus in
this work is on in situ SEM manipulation, which compared to
optical microscopy [9] allows nanostructures to be monitored
and handled with nanometre-scale image precision, but not to
observe their internal structure with atomic resolution as is
possible with in situ TEM equipment [14].

The development of tools capable of such three-
dimensional in situ SEM and TEM nanomanipulation could
hopefully pave the way for new experimental methods in
nanoscience, in the same way the development of the
STM and AFM techniques initiated completely new types
of physical investigations by allowing the experimenter to
not only observe but also interact mechanically with planar
surfaces and nanostructures supported on them. Rational
optimization of gripper tools requires investigations of the
underlying physics of gripping. However, apart from the
rather few examples of pick-up operations with grippers
such as those mentioned previously, there has been little
systematic investigation of the basic requirements for the
grippers to successfully complete pick-and-place operations,
such as the forces actually required for nanomanipulation with
grippers (figure 1). With the aim of making a quantitative
foundation for pick-and-place nanomanipulation experiments,
this paper presents an analysis of the fundamental strategies
for pick-and-place operations on a nanoscale object and the
corresponding force requirements for the gripper (figure 2).
We present illustrative examples of in situ SEM pick-and-place
operations of nanowires to demonstrate the possibilities and
limitations for the technique. A video sequence of real time
nanomanipulation is available at stacks.iop.org/Nano/17/2434.
Both experiments and calculations are based on scenarios of
manipulation of relatively stiff, elongated structures such as
nanowires/tubes or TEM lamellae. Finally we discuss the
implications the results have for gripper design and the pick-
and-place procedures.

It is important to remember the ubiquitous pick-and-place
processes met everyday on the macroscale, where a wealth of
specialized gripper designs have been developed, each for their
own application. For these initial calculations and experiments
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FG1 FG2
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FT

FN1

FN2

FF1

FF2

c

h

w
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Force components

Figure 1. Gripper forces on a nanowire. By pulling (a), a gripper can
apply a tensile force FT, perpendicular to the substrate; and by
moving sideways (b), a shear force FS parallel to the substrate.
(c) The gripper force FG1,2 can be decomposed into a component
FN1,2 normal to the nanowire surface, which can cause a friction
force FF1,2, and the sum of these forces and moments must be
balanced by the tensile and shear forces from the substrate surface FT

and FS. (d) Applying excessive shear or gripping forces can result in
the grippers twisting out of the plane if the gripper spring constant in
the out-of-plane direction is not large compared to the in-plane
direction (if w > h).

with nanoscale gripping, only simple representative cases
are investigated. As suitable grippers with integrated force
feedback become available for nanomanipulation [15], and
enable quantitative comparison of experiment and theory, we
expect that further analysis and tests such as presented here
will facilitate the development of a wider range of effective
three-dimensional nanomanipulation tools.

2. Pick-and-place manipulation of nanowires

Substrates with nanowires/tubes accessible for pick-and-place
manipulation can be prepared in various ways, such as growth
directly on the substrate by CVD/PECVD [16], MOVPE [17]
or similar methods, or deposited from liquid dispersions, to
provide substrate structures as illustrated in figures 2(a)–(c).
Generally, we distinguish between three samples that pose
different possibilities and limitations for the nanomanipulation
of nanowires: vertical (free standing), supported (fixed
on planar substrate), and suspended (with an unsupported
section). Depending on the specific sample, figures 2(d)–(h)
show the fundamental pick operations a gripper can perform
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Figure 2. Samples and strategies for picking and placing a nanowire.
Samples with nanowires (a) vertical, fixed nanowires standing up
from the substrate, (b) suspended on planar surface,
or (c) suspended/extended over an edge. Picking nanowires can be
done by pulling along (d) or sideways (e) to the axis of a standing
wire. Wires lying flat on substrates can be lifted perpendicularly (f)
or peeled (g) off the substrate. Wires extending over an edge make it
possible to use several strategies ((f)–(h)). Placing a nanowire on a
surface (i) requires stronger adhesion of the wire to the surface than
the grippers. Placing a wire in a mechanically unstable position (j)
requires electron beam deposition or some other method to fix the
wire to remain in the position when opening the gripper.

on such samples. Below, we will estimate the required forces
and demands for successful completion of each pick operation
and subsequent placing of the wire.

2.1. Force requirements for picking up nanowires

For any pick-and-place operation, it is essential to control the
balance of the forces between the object and the substrate, FT

and FS in figure 1, and the gripping forces acting between the
object and the gripper FG1,2 [10]. The gripping forces can
be decomposed in a normal force component perpendicular to
the nanowire surface and a component parallel to the surface
with a contribution from the static friction force preventing
the wire from sliding at the end-effector surfaces (figures 1(a)
and (c)). With the assumption that friction can be regarded as
roughly macroscopic, the static friction force FF is proportional
to the normal component FN of the gripping force FG, FF =
μFN, implying that it is essential to control the gripping force
during pick-and-place operations as in macroscale gripping.

Assuming surfaces that are smooth on the scale of the nanowire
dimensions, i.e. 50 nm, we will in the following calculations
use an estimated friction static coefficient μ = 0.1 [18, 19].
One should remember that effects such as surface roughness,
contamination, and charging of the nanowire and gripper
surfaces must be expected to contribute with considerable
adhesive and pull-off forces of the nanowire to nearby surfaces
unless care is taken to reduce such effects [19] and possibly
influence the value of μ. The following calculations provide
order-of-magnitude estimates for the involved forces giving an
overview of the demands set by the various pick operations
based on a silicon nanowire with a radius rnw = 50 nm,
comparable to those considered in [9, 10], and a gripper with
two flat 1 μm × 1 μm gripper end-effector surfaces contacting
the wire.

Tensile gripping (figure 2(d)). The force required to release a
nanowire from the substrate by pulling in the direction parallel
to the axis without sliding (figures 1(a) and (b)) is determined
by the lowest yield strength of the nanowire or substrate
material as FT = σyieldπr 2

nw. The lowest yield stress, σyield,
of either the substrate or the nanowire should be used. For a
silicon nanowire, σyield,Si = 7 GPa [20], giving FS = 55 μN.
The force will have to be applied through the static friction
force, requiring a gripping force of the order FG = 0.5 mN, a
high value for most available microgripper designs [15].

Shear gripping (figure 2(e)). By bending a wire it is possible
to break it at the base where the stress will be largest and
eventually can reach the yield stress. The minimum radius of
curvature, rcurv, a nanowire can withstand can be calculated as
rcurv = rnwY/σyield [20], which is about 1 μm for a 50 nm
nanowire. If it is long enough, the nanowire can almost be
curled around the micrometre sized grippers considered here
without breaking. Considering the nanowire as a clamped–
clamped cantilever structure (gripped in one end, fixed in the
other) with no tension, the flexure formula gives the maximal
bending moment Mmax = σyield I/R as a function of the
yield stress, the maximal distance from the beam neutral axis
R = rnw, and the moment of inertia I = πr 4

nw/4. To
break off the nanowire through shear stress, the gripper must
be able to apply the required moment Mmax = πr 3

nwσyield/4,
which in this case is ∼10−12 N m. Applying such a moment
requires the two grippers to press the wire with a gripping force
FG = Mmax/Lgrip = 1 μN, where Lgrip is the 1 μm length of
the gripper contact surface with the nanowire (figure 1(b)). In
addition to applying a moment, the gripper must also apply
a force FS to create the sideways deflection, that can be
calculated from the distance d the wire tip has been moved
sideways by the gripper, and the spring constant of a double-
clamped circular beam as FS = 3πrnwdY/L3

free = 0.1 μN,
where we have used L free = 5 μm for a typical estimate and
dmax = L2

freeσmax/(12Yrnw) = 2 μm for a silicon nanowire
with Y = 160 GPa [20]. Hence the gripper must in addition to
the moment be capable of applying a deflection force which is
increasing the requirements on the gripping force capabilities
if the gripper is to remain closed during the operation.

By shear gripping we have reduced the required force to
detach a nanowire roughly two orders of magnitude compared
to tensile gripping. However, the gripper must be mechanically
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rigid to prevent in-plane and out-of-plane deflection when
applying Mmax and FS, as shown in figures 1(b) and (c).

Scrape lift (figure 2(f)). When attempting to lift a nanowire
lying flat on a surface, while pulling in the direction
perpendicular to the surface, it is necessary to overcome the
strong adhesive surface forces. The maximal force is required
when the entire wire must be lifted up simultaneously at the
very beginning of the picking operation. A wide variety of
surface forces can be expected to influence the process, making
the required force difficult to estimate [21]. For a dry substrate
with electrical contact between the wire and substrate, the
major attractive force must be the van der Waals force (vdW)
which per unit length of a cylindrical rod can be written as
fvdW = −AH(rnw/8

√
2D5/2)1/2 [22] with Hamaker constant,

AH, usually in the range 10−19–10−20 J [22]. For the distance
between the object and the surface, D, we can use the typical
Lennard-Jones distance of roughly 0.2 nm [23], giving 2 μN
per μm length of nanowire. Based on these assumptions,
the vdW force for a rigid 5 μm nanowire will be of order
10 μN, requiring a 100 μN gripping force to achieve a high
enough friction force. However, when capable of applying
the required force, the gripper will have to be equipped with
extremely sharp end-effectors or well-defined edges in order to
grab the thin wire in such close contact with the surface without
touching the surface. From these considerations as well as
from experimental experience, nanowires lying on flat surfaces
hence seem to be very difficult to pick up with grippers. The
vdW force is reduced if the substrate is corrugated. It is likely
that structured substrates, such as nanotube forests [16], could
effectively lower the adhesion force as well as give the gripper
space to operate.

Peeling (figure 2(g)). Peeling a flexible nanowire lying on
a surface can reduce the required steady state gripping force
considerable compared to the scrape lift. If the wire is assumed
to be unable to slide or stretch, but able to bend, the tensile
force required to peel at an angle θ to horizontal is given by
Fpeel = �U/�x(1 − cos θ), with the adhesion energy per unit
length of wire �U/�x = −AH(rnw/12

√
2D3/2) [22]. Using

the same constants as above, we estimate �U/�x = 0.2 nN.
The peeling force is reduced to half �U/�x when the wire is
peeled to make a U-bend at θ = 180◦. The gripping force can
be as low as a few nN if we assume the nanowire is flexible
like a chain with negligible spring constant for bending. For
elastically bending nanowires, an additional orthogonal force
will be required to bend the nanowire.

‘Mikado’ peeling (figure 2(d)). If the wire is rigid and
extending over the edge of the substrate, lifting in the direction
normal to the surface can considerably reduce the required
force to release the wire. We call this operation ‘Mikado’
peeling (after the game Pick-up Sticks). The required force
becomes Fmikado = L2

surface fvdW/2L free. As an example, if
L free = 5 × Lsurface = 5 μm and using the above vdW force,
Frigid = 0.2 μN and the gripping force is only 2 μN.

The above estimates of the required forces show a strong
dependence on the nanowire and gripper dimensions. In
the calculated examples, shear gripping, peeling and Mikado
peeling offer by far the lowest requirements for gripping force.

Mikado peeling also makes the nanowire easily accessible on
the edge of a substrate, unlike attempting to peel wires lying
on a flat surface. Depending on the design of the gripper
and nanowire properties, one should carefully consider what
pick operation will provide the best chances for successful
manipulation: shear gripping, for instance, increases with the
nanowire diameter as r 3

nw, while Mikado peeling is relatively
independent of the diameter.

2.2. The place procedure

Moving and placing a grabbed object also imposes certain
requirements.

Moving. When gripped, the electrostatic forces due to
charging in the SEM can result in movement or even loss
of the wire or increased electrostatic attraction between the
gripper and nanowire, all of which is normally undesired.
The gripper end-effectors, the sample, and the target substrate
should all be electrically grounded and the wire should be in
electrical contact with the grounded grippers to avoid excessive
charging. The manipulator should transport the nanowire from
the sample to the target substrate with low vibrational noise,
since vibrations may excite resonances in the grippers and thus
result in loss of the grabbed object. Deliberate excitation of
mechanical resonances in the grippers have even been used to
release adhering objects [11].

Releasing. Depending on which configuration the wire is
to be placed in on the target substrate, different methods
could be employed to release it in the correct position. If
the wire is to be placed on a surface as shown in figure 2(i),
a successful release requires the surface energy of the wire–
substrate interface to be high compared to the wire–gripper
interface. This can in many cases be achieved if the part of
the wire in contact with the substrate is much longer than
the part in contact with the gripper end-effectors and possibly
aided by exciting mechanical resonances [11]. If the wire is
being placed on conducting electrodes, applying a bias voltage
to attract it electrostatically might assist in placing the wire
successfully [24].

To place a wire in a mechanically unstable position, such
as standing up perpendicular to the substrate (figure 2(j)),
fixing the wire to the substrate in the correct position
before releasing it is commonly needed [25]. Electron
beam deposition is one possibility, though it has some
limitations [26], while curable glue added to the surface is
another option [9], or soldering by heating with a focused
laser [24]. Preparing the substrate with narrow holes or
edges to enhance the surface adhesion could also improve the
stability.

3. The nanomanipulation system

To demonstrate in situ SEM pick-and-place operations, we
have constructed a robot-based nanomanipulation setup.

3.1. Experimental setup

To avoid excessive demands on the mounting alignment for
SEM-mounted systems, the required manipulation range must
be several millimetres.
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Figure 3. Example of a nanomanipulation setup mounted on an SEM
chamber door. (1) The chamber door. (2) Camera with IR diode light
source to follow the robot motion. (3) SEM sample stage with
sample (4). (5) Table for ‘R2–D2’ (rotational/translational) robot (6)
with mounted gripper (7) and other tools ((8), (9)).

For in situ SEM nanomanipulation, at least two actuation
units are required to position the tool and the sample in
the region with high SEM resolution. One unit can be a
coarse position manipulation stage to bring either the tool or
the sample into the imaging region, if the other unit then
has sufficient precision to complete the actual manipulation
procedure. Recently, commercial manipulation systems have
become available from companies such as Kleindiek and
Zyvex. Several research groups have also pursued the
development of such systems [24, 27, 25].

In one of our setups, shown in figure 3, we use the
manual SEM stage as one actuator and for the other actuator a
recently developed actuator colloquially called R2–D2, which
is able to move in both x–y directions and rotate [28]. Unlike
many commercial xyz actuators, the R2–D2 design makes
it possible to mount many different tools extending over the
edge of the unit and then to select the appropriate tool by
rotating it to towards the target. The Zeiss DSM 950 SEM
sample stage was controlled manually. Another similar setup
used for some of the presented experiments has been described
previously [10].

The grippers were microfabricated by a process described
elsewhere [29]. The gripper arms are made of silicon dioxide
and coated with a layer of 10 nm titanium and 100 nm gold
to make them electrically conducting. The gripper arms are
1–2 μm wide, 1 μm thick, and 20–100 μm long. Unlike
the carbon nanotube tweezers [9] and microfabricated grippers
described in [10], the microgrippers used in the present work
are operated by indirect electrostatic actuation, in which the
actuation voltage is applied to a nearby actuator electrode,
while the gripper arms can be held at ground potential. In
this way, actuation is independent of the voltage applied to
the gripper end-effectors, which in principle allows electrical
measurements to be done on the sample independently of the
actuation. The maximal gripping force is estimated to be
of the order 1 μN [30]. Compared to the above analysis
these grippers should be able to pick up nanowires extending
over the edge of a grounded substrate by peeling or Mikado
peeling, while shear gripping could be problematic because
of the low aspect ratio giving low spring constants for out-of-
plane bending.

4. Picking results

The various pick operations described in section 2.1 were
attempted on silicon nanowires with roughly 100 nm diameter
made by etching a Si substrate [31]. When attempting tensile
gripping, the gripper would slide along the nanowire, and for
shear gripping it was twisted open. Scrape lift and peeling were
generally not possible since the wires lying on top of surfaces
were too narrow to get a firm grip on with the rounded edges of
the gripper, and having the gripper in contact with the substrate
obstructed its operation.

The image sequence in figures 4(a)–(f) shows a gripper
using Mikado peeling to pick up a silicon nanowire extending
from the gold surface of the chip. The substrate was prepared
by pushing the edge of a gold-coated silicon chip into a sample
with vertically standing silicon nanowires which would then
break off and adhere to the chip edge. The nanowires lying on
the surface of the chip exposed to the electron beam could not
be picked up with the gripper by scrape lift, as the wire adhered
very strongly to the substrate. This could be due to electron
beam deposited contamination on the top surface which fixed
the nanowires to the surface during imaging [26]. Mounting the
gold-coated surface facing downwards as shown in figure 4(a),
so it was not directly exposed to the electron beam, efficiently
reduced the adhesion of the wires to the substrate, making
Mikado peeling possible.

To investigate whether the applied gripping force or the
adhesion between the wire and the grippers is dominating
the picking process, the grippers were first moved while just
touching the wire (figures 4(b) and (c)), confirming that the
wire–substrate adhesion was low enough to allow the nanowire
to be moved around. Then the gripper was closed around the
wire (figure 4(d)) by applying 20 V to the central actuation
electrode while the gripper arms were kept grounded and
subsequently opened again (figure 4(e)) and moved to see
whether the adhesion would be enough to remove the wire.
Although the nanowire did adhere to the grippers, the adhesive
forces were not sufficiently strong to remove the wire. It was
only when the gripper was firmly closed and pulled away that
the nanowire could be picked up (figure 4(f)), demonstrating
that control of the friction force by the gripping force is
essential.

As demonstrated by the online video sequence, the pick-
and-place procedure is a relatively fast operation comparable
to, for instance, SPM imaging and manipulation because of
the fast frame rate offered by the SEM. These observations
for the pick operations were reproduced on several occasions
in our two experimental setups, and qualitatively confirm the
prediction of the low gripping force required to accomplish the
Mikado peeling procedure and the problems anticipated with
the other picking operations for grippers with relatively low
maximal available gripping force.

5. Placement results

The observation that the nanowires supported by the upper
silicon surface of the substrate in figure 4 adhered strongly
made it obvious to try placing a grabbed nanowire on this
surface (figure 5). A nanowire was picked up, and in the
process, the gripper twisted and closed around the nanowire
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 a - setup

c - push d - close

e - open f - grip

Nanowire

Substrate gripper

b - touch 

2 μm

Figure 4. Picking up a silicon nanowire extending over the edge of a
substrate. (a) Illustration of a part of the configuration as seen from
the side—the SEM images view the gripper surface from the top.
The nanowires located on the upper silicon surface of the substrate
were usually adhering too strongly to be moved. Wires extending
from the edge of the gold surface were generally much easier to
move and some of these were possible to pick up. (b) The gripper
was moved into contact with the wire. (c) Moving the wire and
sliding the gripper along it could not release the wire. (d) The gripper
was closed around the wire and reopened (e) without removing the
wire. (f) The wire could only be peeled from the substrate when the
gripper was kept closed and pulled away.

(figure 1(d)) but still appeared to have a firm grip on the wire
(figure 5(a)). The free end of the nanowire was moved to
contact the inclined substrate surface (figure 5(c)). The wire–
substrate contact point was exposed to the electron beam for
60 s to solder it by electron beam deposition. The deposition
rate is, however, very low in this setup, and there was no
obviously visible deposit. The nanowire release from the
gripper was immediately successful upon opening it, and the
nanowire remained at the position it was placed (figure 5(d)).
The grippers could be moved in under the wire (figure 5(e)),
indicating that it was standing out from the surface and not
supported along the entire length.

To investigate the strength of the nanowire’s mechanical
connection to the substrate, it was attempted to break the
nanowire free from the substrate again. The wire did not seem
to move at all, even when lifting the gripper up with one end-
effector stuck under the wire as in figure 5(f). It seemed that the

a b

c d

e f

g h

5 μm

Figure 5. SEM image sequence of placing a nanowire on an
adhesive surface ((a)–(d)) and subsequent test of the yield strength of
the nanowire attachment to the substrate ((e)–(h)). (a) The nanowire
was picked up and moved to a new substrate (b) to be placed on the
upper surface with strong adhesion. The substrate was inclined with
the height in the left-hand side of the image higher than that of the
gripper. Once contact was achieved, the contact point was irradiated
(c) to solder it by electron beam deposition as indicated by the
triangle. Though practically no change was visible at the soldering
point, the nanowire appear well fixed to the substrate upon release (d)
and seemed impossible to remove again with the grippers ((e), (f)). A
larger AFM cantilever was able to remove the wire, which only
yielded after considerable bending, where rcurv is indicated by the
circle (g), and left a small residue on the substrate (h).

wire was so well attached to the substrate that attempts to break
it off would probably do more damage to the gripper than the
wire. The R2–D2 robot was rotated to use a more robust AFM
cantilever capable of applying larger forces. In figure 5(g),
taken just before the nanowire broke, the radius of curvature
at the fixed end of the nanowire is about rcurv = 6–7 μm. With
a nanowire radius of about rnw = 0.27 μm and the Young’s
modulus Y = 160 GPa of single crystalline silicon this gives
an approximate yield stress [20] σyield = Yrnw/rcurv of about
7 GPa, which is indeed the yield stress of bulk silicon.

In figure 5(g), the nanowire itself is bending, rather than
rotating as a rigid rod around the point where it is fixed to the
substrate. This indicates that the point contact to the substrate
is as strong as the wire material itself. The small soldering
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a b

c d

e f
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Figure 6. Placing a nanowire on a non-sticking surface. Frames
((a)–(f)) are from an SEM video sequence of a nanowire bundle
being placed on a TEM grid.

joint of the nanowire to the substrate (figure 3(h)) in this
case resulted in a mechanically very strong solder joint with
a yield stress comparable to that of the nanowire. The radii
used in the calculations are visual estimates and emphasize the
need for better force and size metrology to make quantitative
measurements of the forces involved in nanomanipulation.

In the SEM image sequence shown in figure 6, a grabbed
bundle of silicon nanowires is placed onto a copper TEM
grid. The nanowires were slowly moved into contact with the
TEM grid (figures 6(a)–(c)). As in the previous experiment,
when one of the wires touched the grid, the contact point was
irradiated for 60 s, to increase the adhesion to the grid. The
actuation voltage was then turned off, and the grippers were
withdrawn (figure 6(d)). This was not sufficient to completely
release the wires from the gripper. In figure 6(e) the grippers
were opened further up by applying a bias voltage to a pair
of outer driver electrodes, and this apparently altered the force
balance enough to release the wires (figure 6(f)). It is worth
noting that in this case electron beam deposition was initially
not strong enough to make the wires stick to the grid, and it
was not used when the wires got stuck. The adhesion of the
wires to the grid was strong enough for the grid to be handled
by a pair of tweezers by hand when removed from the SEM
and observed under an optical microscope at later times.

6. Conclusion

Estimates of the force requirements for pick-and-place
operations with microgrippers have been calculated. Several
in situ SEM pick-and-place operations of silicon nanowires
were compared to the estimates. Successful picking of the
nanowires required the sample to be prepared with wires

extending from the edge of a substrate where they could be
peeled off by Mikado peeling, figure 4, which offers both low
requirements on the gripping force and makes the wires easily
accessible. Placing of nanowires onto silicon substrates and
TEM grids was demonstrated. To help make mechanically
strong contacts to the target substrate when placing a grabbed
object, electron beam deposition can be a useful tool for local
fixation.

With a suitable model for the possible pick-and-place
processes, more effective grippers and substrates can be
developed for the various tasks. Our current efforts concentrate
on increasing the applicable gripping force and gripper aspect
ratio by making the gripper arms taller to avoid out-of-
plane bending, and increase the gripping force. Grippers
with force feedback [15] should also make pick-and-place
manipulation a measurable and optimizable process rather than
the presented trial and error investigation to test whether the
force balance in pick-and-place operations can be controlled
at all. The successful demonstrations of pick-and-place
operations of nanostructures indicate that properly optimized
SEM-based nanomanipulation systems could be useful for
the characterization of nanocomponents and in the fabrication
of prototype devices. Some techniques for integration of
nanocomponents in microsystems offer better throughput [32],
however the flexibility and short turn-around time of manual
nanoassembly makes gripper manipulation attractive for fast
prototyping of individual devices.
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ABSTRACT

We present repeated structural and electrical measurements on individual multiwalled carbon nanotubes, alternating between electrical
measurements under ambient conditions and transmission electron microscopy (TEM). The multiwalled carbon nanotubes made by chemical
vapor deposition were manipulated onto cantilever electrodes extending from a specially designed microfabricated chip. Repeated TEM
investigations were then made of the progressive destruction of the nanotube structure induced by Joule heating in air. The electrical
measurements indicate that the studied nanotubes behave as diffusive conductors with remarkably predictable electrical properties despite
extensive structural damage.

1. Introduction. Carbon nanotubes have long been regarded
as suitable candidates for active and passive components in
future electronic devices. Both single-walled (SWNT) and
multiwalled (MWNT) carbon nanotubes have been investi-
gated for many such applications. The MWNTs used for the
majority of electrical measurements reported in the literature
have been fabricated by arc discharge (A-MWNT),1-3 and
such nanotubes are known to have a much lower defect
density than carbon nanotubes fabricated with chemical vapor
deposition (CVD), C-MWNT, which are typically regarded
as diffusive conductors.4,5 Defects can be of a variety of
types, such as pentagon-heptagon pairs (Stone-Walls defect),
vacancies and domains of graphite, corrugations, bamboo-
like walls, and residues of catalysis particles.6 However, from
a practical perspective, the C-MWNTs are interesting, since
they can easily be integrated in microsystems by methods
such as CVD or plasma-enhanced CVD (PECVD) from
prepositioned catalytic particles,7-9 while A-MWNTs needs
to be integrated into microsystems from liquid dispersions
of the nanotube powder or by similar methods with little
control over the placement of the individual nanotube.
Despite the high defect density, C-MWNTs are also promis-
ing for electrical devices and have been shown to sustain

high current densities above 107 A/cm2.10 In addition, high-
density (1011 cm2) transistor arrays have been made with
highly defective C-MWNTs.11

Recently, transmission electron microscopy (TEM) com-
patible chips have received increased attention, as TEM
allows detailed study of the structure of nanodevices. To
create nanodevices accessible to the TEM electron beam,
various methods have been used, such as lithographically
defined contacts to nanotubes dispersed on a TEM transpar-
ent silicon nitride thin film,12,13 or direct CVD growth of
nanotubes or peapods in slits etched into chips.14,15 The
underlying substrate of planar devices has also been etched
out to leave the planar nanostructure freely suspended for
TEM inspection.16 Earlier work has used a focused ion beam
to mill slits for creation of individual devices for TEM
investigation.17

In this paper, repeated TEM measurements are used to
investigate how C-MWNTs change under repeated Joule
heating in air to study the durability of these nanoscale
structures under conditions likely to be encountered in high
power devices in an ambient environment, such as intercon-
nects in computer chips.9

To perform such an investigation on individual nanotubes,
we have developed microfabricated cantilever chips adapted
to be mounted in a TEM specimen holder. Combined
electrical and TEM characterization is done by manipulating
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a nanotube to bridge two cantilever electrodes for electrical
contact with the suspended part of the nanotube accessible
for the TEM electron beam. In this way, we ensure that the
electrical measurements are done on one specifically selected
tube. Hence, suspended nanotube devices can be made
without the need for chemical processing of the nanotube to
create dispersions or underetching of the substrate.16 The
method also avoids using thin films for suspending the
structure thus leaving the nanostructure entirely freely
suspended and in pristine condition.

2. Theory. To provide a basis for understanding the Joule
heating experiments, we will briefly review the conductive
properties of carbon nanotubes as a function of temperature
and bias voltage, as well as the oxidation effects and
structural changes taking place as the nanotube is Joule
heated in air.

Dai and co-workers4 found the transport mechanism of
C-MWNT to be diffusive rather than ballistic, with a
resistivity of the order 10-100 μΩm. Although there is some
variation in the current-voltage (IV) curves reported and in
the explanations for the behavior in the literature, the IV
measurements on C-MWNT generally show nonlinearly
increasing conductance as function of low bias voltages.10,18,19

In air, a lasting decrease of conductance will be observed if
the bias voltage is increased beyond the point where a
saturation effect eventually limits the current at high bias
voltages in the range 1-10 V.10,18 Oxidation of the outer
shells due to Joule heating of the nanotube at the high bias
voltage is mentioned as a possible explanation for the current
limit. The Joule heating temperature rise at the center of the
nanotube bridge, ΔT, can be estimated by solving the heat
continuity equation AT′′ ) -R′I2 for a cylindrical rod
clamped at both ends with a fixed temperature,20 giving ΔT
) (L/(8 A))P, where L is the bridge length, A the cross-
sectional area, the thermal conductivity and P ) UI the
dissipated power in the bridge with bias voltage U and
current I. The thermal conductivity of MWNTs has been
measured to be in the wide range 25-3000 W/mK20 and for
C-MWNTs the conductivity has been found in the range 25-
200 W/mK.21,22 For a 1 μm long 100 nm diameter nanotube
with a dissipated power of 1 mW, the temperature increase
could be in the range 50-500 K given the wide range
reported for the thermal conductivity of C-MWNTs.

The change in resistance with respect to temperature has
been investigated by several groups with quite different
results. To first order, the linear temperature coefficient R
of resistance gives R2 ) R1(1 + R ΔT), where ΔT ) T2 -
T1 is the temperature change. For carbon fibers, R has been
measured to be in the range [-0.13;0.02] %/K.23 For
A-MWCNT, R ) -0.041%/K has been reported.24 C-
MWNT samples have also been measured to have highly
linear conductance dependence on temperature G2 ) G1(1
+ �ΔT) in the wide range of temperatures 50-800 K,25 while
another study found both positive and negative temperature
coefficients depending on the degree of disorder in the shell
structure.26 Given the wide variety of defect types and their
different effects on the electrical properties of an individual
nanotube shell, it seems difficult to predict the properties of

an individual C-MWNT without extensive structural studies.
The method presented here allows for investigations of these
issues in detail on the individual nanotube.

In air, amorphous graphite begins to oxidize at around 350
°C, while carbon nanotubes generally have higher oxidation
temperatures, starting around 600 °C.27 This is often ex-
plained by the absence of dangling bonds and the protection
of inner shells by the outermost one. When nanotubes are
heated in air, TEM studies have shown that pits tend to form
in the shell structure.28 Oxidation occurs faster at kinks,
corrugations, and at points under a state of stress due to
bending.29 In addition, when high currents are passed through
a nanotube, electron scattering near defects may cause local
heating effects.30

3. Experimental Setup. Microfabricated chips with gold-
coated (10 nm Cr/100 nm Au) silicon oxide microcantilevers
were made with a “O” or “U” chip shape (inset in Figure
1), adapted to fit into a standard TEM grid holder. The
microfabrication process has been described previously.31 The
present work has focused on studying a C-MWNT sample
produced by a ferrocene/xylene CVD process,32 and the
nanotube structure appears comparable to those used by
others.33 Individual C-MWNTs bridging the microcantilevers
were positioned on the TEM chip by manipulation using a
an optical microscope and a manual xyz-stage fitted with an
etched tungsten tip. For smaller nanotubes and nanostruc-
tures, an in situ SEM manipulation setup for nanoscale
resolution can be used to place the nanostructure on the
cantilevers.34

The achieved bridge resistance was often of the order of
100 kΩ when the nanotube was initially placed on the
cantilevers. Temporary condensation of water onto the chip
surface resulted in a stable reduction of the bridge resistances
to below 50 kΩ in about half of the investigated samples,
suggesting that adhesive capillary forces pull the nanotube
into close contact with the cantilever surface to provide a
more stable and reliable electrical contact. The method has
been used to efficiently make electrical contact to both carbon
nanotubes of different types and InP nanowires.

The TEM investigation was carried out in a Philips EM
430 operating at 100 keV. Using a liquid nitrogen cooled
coldfinger, low beam currents, and relatively short beam
exposure times (<2 min) ensured that no significant influence
on the electrical properties of the nanotubes could be
attributed to the TEM observations.

The electrical measurements were made using a Keithley
2400 sourcemeter. The control program allows the voltage
sweep (IV curve) to be paused during the experiment when
predefined voltages are reached or when current saturation
occurs (dI/dV ) 0) to record the current as function of time
(It curve) until the bias voltage sweep is continued or the
experiment stopped. For convenience, conductance will be
given in units of the conductance quantum, G0, keeping in
mind that the transport mechanism is not expected to be
ballistic at room temperature on the μm length scales
investigated here.

4. Results. A TEM image sequence of the progressive
oxidation of a nanotube in air is shown in Figure 1, where
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a Joule heating experiment has been performed between each
TEM image was recorded. The nanotube clearly becomes
thinner in the central part of the bridge with extensive
damage in the vicinity of a large catalytic particle. The
particles in the nanotube interior were generally observed
to move and change shape, similar to the behavior reported
by refs 33 and 35.

The C-MWNTs tested in these experiments had estimated
initial cross-sectional area, A, in the range (3-10) 103

nm2 (neglecting the narrow inner hole) and the length of the
cantilever gap, Lgap, spans the range 0.7-9 μm. However,
the distance between contact points of the nanotube located
on top of the cantilevers, Ltube, may well be larger than the
measured gap size as shown in the inset in Figure 2. The
rough linearity of the measured resistance versus gap size
indicates that this effect is only moderately important. A
linear fit of the measured resistance as a function of length

indicates an average contact resistance around 0.5 kΩ, which
is less than 10% of the measured resistance for most
nanotubes. The resistance through the microchip leads is only
90 Ω, hence the nanotubes may be regarded as diffusive
conductors with resistance R ) FL/A. The measured resistiv-
ity, F, is a factor 20-100 larger than the in-plane resistivity
of graphite, 5 10-5 Ω cm36 and thus comparable to the
results by Dai et al.4 The peak current density reaches 106-
107 A/cm2 for all nanotubes, which compares to previous
studies of C-MWNT.10 The peak power dissipated in the
nanotube is quite different for the various C-MWNTs but
seems to be limited to about 0.5-1 mW, as shown in Figure
2 and decreases with increasing gap length. This behavior
may be expected for a heated bridging nanotube reaching
the largest temperatures in the suspended part farthest away
from the electrode heat sinks. All nanotubes were observed
to be affected most in the middle of the gap between the
electrodes, indicating that Joule heating is mainly taking place
in the suspended part of the nanotube rather than at the
contact points as expected for a diffusive conductor with low
contact resistance.37

The electrical measurements on the nanotube observed in
TEM in Figure 1 are shown in Figure 3 and are representative
for the investigated nanotubes. Figure 3a shows the sequential
IV curves indicated by the numbers in Figure 1. The voltage
sweep was started at 0 V, and initially the sweep was stopped
temporarily every 0.2 V, to observe the time dependence of
the current at fixed bias, plotted in Figure 3b. As the
saturation point was approached, pauses were made with
smaller voltage intervals. At low bias voltages up to a bias
voltage about 1.5 V, the current decay rate dI/dt is of order
nA/s, which can be regarded as negligible. Above 1.5 V,
dI/dt increases. Figure 3d plots the initial dI/dt at the
beginning of each pause in the voltage sweep, as a function

Figure 1. A series of TEM images of a C-MWNT, bridging two
cantilevers on a TEM chip. The progressive destruction due to three
consecutive Joule heating experiments (1-3) in air is clearly visible.
The three corresponding IV and It curves recorded between the
TEM images are shown in Figure 3. The dotted line indicates the
motion of a catalytic particle within the nanotube central cavity.
The nanotube breakdown primarily takes place in the vicinity of a
particle incorporated into the shell structure, but also the middle
part of the tube is considerably thinned down as a result of the
Joule heating. The close-up shows the destroyed shell structure close
to the catalytic particle where the termination of individual shells
is clearly visible. The inset shows a U-shaped TEM compatible
chip.

Figure 2. Overview of the electrical properties of the devices that
achieved good contact to the C-MWNT (R < 50 kΩ). (a) The
measured low bias resistance roughly scales with the gap length,
showing that the tubes can be regarded as diffusive conductors on
the micrometer scale and have a low contact resistance of the order
of 0.5 kΩ. The inset illustrates that the nanotube section between
contact points can be larger than the cantilever gap and that the
length measurements therefore should be regarded with caution.
(b) The maximum power dissipated in the bridges is around 1 mW
for the shortest nanotubes and decreases with increasing gap length.
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of the fixed bias voltage. From 1.5 V the time dependence
of the current increases dramatically.

As seen in Figure 3b, at high bias voltage the current as
function of time resembles an exponential decay towards a
steady-state value. The logarithm to the measured decay rates
are not obviously linear functions of dissipated power and
it is therefore difficult to relate the decay rate to an estimated
temperature and corresponding Arrhenius-like dependence
of oxidation rate similar to the thermal oxidation experiment
by ref 29. We do not observe instantaneous drops in the
current as function of time, as reported in experiments on
A-MWNTs1 or small C-MWNTs,5 since the nanotubes in
the present sample contain numerous shells and kinks, where
the contribution from rupture of a single shell or merely a
section of a shell will only give a minor contribution to the
overall electrical behavior of the nanotube.

The onset of decay at the threshold voltage can be taken
as an indication of beginning oxidation of the amorphous
carbon in the C-MWNT, which should begin at 350 °C. From
the dissipated power at the threshold and the nanotube
dimensions, the formula ) LP/(8AΔT) with ΔT ) 350 °C
provides an estimate of the thermal conductivity for the
different tubes. From the measurements we find to be in

the range 50-200 W/mK, in agreement with previously
reported results.21,22

5. Discussion. In accordance with observations by other
groups, the IV curves of the nanotube devices are nonlinear,
with the conductivity increasing with respect to bias voltage
lower than 1.5 V. The fixed bias voltage intervals cause the
vertical steps at high bias voltage in the IV curves Figure
3a. These steps conveniently indicate how time becomes an
increasingly important factor for the shape of the IV curves
at high bias voltages. The time dependence should largely
account for the saturation behavior of the measured IV curves
that is often observed if the bias voltage is continuously
increased without temporary stops.

The nonlinearity of the IV curves at low bias voltages,
where no time dependence is observed, could be caused by
thermal effects in the nanotube bridge. The conductance G
) I/U in units of the conductance quantum G0 vs dissipated
power P ) UI for the voltage sweeps is surprisingly linear,
especially considering the extensive tube damage during each
voltage sweep. This indicates a linear dependence on
temperature G2 ) G1(1 + �ΔT) with the temperature
proportional to the dissipated power, ΔT ) (L/(8 A))P.
Combining these equations and expressing them in terms of
voltage and current gives a conductivity I/U) 1/r + cUI,

Figure 3. (a) Current through an individual C-MWNT as a function of bias voltage measured three successive times (1-3). The inset
shows the TEM image sequence, also seen in Figure 1. The vertical parts of the curve appear in the intervals where the bias voltage was
kept fixed, showing an increasingly strong time dependence at high bias voltages. The circles at low bias are nonlinear fits of the Joule
heating IV dependence I ) U/(r + cU2). (b) The current as a function of time at certain temporarily fixed bias voltages (correlations
between the graphs are indicated with arrows). The current decreases faster with time above the threshold voltage, which is clear from the
plot of dI/dt vs V in (d). (c) Normalized conductance G/G0 versus dissipated power P. At fixed bias voltage, i.e., during the time sequences,
the G-P curve follows the gray lines (G ) P/U2). During the voltage sweep a dependence of the type G ) cP + 1/r is found for all
samples with a fairly constant factor c. The small arrows in parts a and c indicate a glitch in the current source at 100 μA due to an
automatic range shift.
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with r ) 1/G1 and c ) �L/(8 A), leading to a current-
voltage relation I ) U/(r + cU2). The linear conductance-
power dependence G ) cP + 1/r, gives a good fit to the
low bias IV curve with fitting parameters r and c for each
curve, as shown with circles in Figure 3a. For the G vs P
curves at high power, the slope is slightly lower and can be
explained by oxidation and the accompanying decaying
current as function of time. Despite the very extensive
damage of the nanotube structure, the sequential Joule
heating curves have almost the same slopes for each
individual sweep in the G vs P curves (we also find a linear
G vs P dependence in our previous results obtained by
scanning four point probes on nanotubes in air).38

The model of linear temperature dependence of nanotube
conductance for the MWNT conduction seems to describe
the present sample best, even after several current-induced
oxidations of the outer shells have been performed on it,
and even when it is nearly broken in two pieces after the
second IV sweep (see Figure 1).

6. Conclusion and Outlook. The measurements on carbon
nanotubes demonstrate the onset of nanotube damage in
ambient conditions, with accelerated rate at higher bias
voltages. The low bias IV curve is reasonably well described
by a simple, phenomenological model based on linear
dependence of conductivity on temperature and Joule heating.
At high bias, the gradual oxidation of the nanotube shells is
essential in describing the irreversible conductance change
over time. On the basis of the decaying current with respect
to time, the oxidation is likely to be the main factor causing
the saturation of the IV curve for the studied C-MWNT. From
the dissipated power at the threshold voltage, where the
current begins to decay as function of time, an estimate can
be made of the thermal conductivity of the nanotubes, giving
reasonable values in the range 50-200 W/mK. Future work
comparing different types of multiwalled nanotubes and
independent measurements of the dependence of their
properties with temperature should be essential for making
better models of these interesting nanostructures’ properties
and evaluating their possible applications in devices.

The presented study also demonstrates the ability to use
microcantilever electrodes for combining TEM with other
characterization methods to provide unprecedented op-
portunities for characterizing a pristine individual nanostruc-
ture with several techniques. The microfabricated TEM chips
(inset in Figure 1) offer good flexibility in terms of varying
the design of the cantilevers, facilitating for instance mul-
tipoint conductance measurements or even integrated MEMS
actuators and sensors for characterization of nano-electro-
mechanical systems. If a nanostructure is suspended between
the actuators of a cantilever-based actuator and force sensor39

or between cantilevers with heaters and microbolometers40

it should in principle be possible to study the electrical,
thermal, and mechanical properties of the pristine nanostruc-
tures under a wide range of conditions with the option of
performing TEM analysis in situ or between the experiments.
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