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 The emergence of one-dimensional nanostructures as fundamental 
constituents of advanced materials and next-generation electronic and 
electromechanical devices has increased the need for their atomic-
scale characterization. Given its spatial and temporal resolution, 
coupled with analytical capabilities, transmission electron microscopy 
(TEM) has been the technique of choice in performing atomic 
structure and defect characterization. A number of approaches 
have been recently developed to combine these capabilities with 
in-situ mechanical deformation and electrical characterization in the 
emerging fi eld of in-situ TEM electromechanical testing. This has 
enabled researchers to establish unambiguous synthesis-structure-
property relations for one-dimensional nanostructures. In this 
article, the development and latest advances of several in-situ TEM 
techniques to carry out mechanical and electromechanical testing 
of nanowires and nanotubes are reviewed. Through discussion 
of specifi c examples, it is shown how the merging of several 
microsystems and TEM has led to signifi cant insights into the 
behavior of nanowires and nanotubes, underscoring the signifi cant 
role in-situ techniques play in the development of novel nanoscale 
systems and materials. 
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materials and devices. Take for example the case of nano-
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  1. Introduction 

 One-dimensional nanostructures, namely nanowires and 

nanotubes, have emerged as feasible building blocks for the 

next generation of devices and materials, with applications 

envisioned in electronics, sensors, and energy technologies. 

Nanotubes, long used as test beds of fundamental phe-

nomena, are now viable alternatives for electronic systems [  1  ]  

and are used as the fundamental constituent of high per-

formance fi bers, [  2  ]  given their outstanding mechanical [  3  ]  and 

transport properties. [  4  ]  On the other hand, semiconducting 

and metallic nanowires are envisioned as interconnects in 

next generation electronics, [  5  ]  building blocks of nanopho-

tonic systems, [  6  ]  and energy conversion elements for self-

powered nanodevices. [  7  ]  

 The wide technological applicability of nanowires and 

nanotubes has elicited demand for their extensive characteri-

zation. Such characterization is critical in order to quantify 

their mechanical, electrical, thermal, chemical and physical 

properties, and generate data that can be used at the design 

and manufacturing stage to optimize synthesis, device archi-

tecture and performance. 

 From the different types of characterization that can be 

carried-out, measurement of mechanical and electrome-

chanical properties are of high relevance to most applica-

tions. These measurements provide parameters for operation 

of devices that require mechanical movement to achieve 

functionality, and more importantly, offer insight into failure 

limits and associated mechanisms in nanostructures. In turn, 

this provides much needed data towards reliable and robust 

designs, which are critical if nanostructures are to fi nd wide-

spread usage in future consumer applications. [  8  ]  

 The characterization of mechanical and electrome-

chanical properties of one-dimensional nanostructures is 

becoming a mature fi eld in which numerous researchers 

pursue characterization using a vast array of techniques. 

However, this undertaking continues to prove challenging 

for two main reasons. The fi rst is the characteristic size of the 

specimen under study (e.g., diameter), which ranges from a 

few nanometers to up to several hundred nanometers. This 

renders specimen manipulation and preparation for testing 

very diffi cult, and it imposes highly demanding require-

ments in metrology and instrumentation. The second is the 

diverse variety of one-dimensional nanostructures and their 

marked structural dependence on synthesis methods. For 

instance, for carbon nanotubes, the chirality and diameter, 

which control many properties, have not yet been controlled 

during growth, and only post-growth sorting methods allow 

the obtention of monodisperse solutions of nanotubes. [  9  ]  For 

nanowires, although diameter and structural control is fairly 

good, [  10  ]  dopant concentrations may be nonuniform, [  11  ]  sys-

tematic defects such as stacking faults are possible, [  12  ]  and 

incorporated impurities during growth can be present, [  13  ]  

among other complications. As a result, it is diffi cult to pro-

pose a universal technique or testing method that is suit-

able for every nanostructure, as sample preparation and 
www.small-journal.com © 2012 Wiley-VCH V

testing will require tailoring to the specifi c nanomaterial to 

varying degrees. More importantly, the possible presence of 

non-uniform defects or impurities, even in nanostructures 
H. D. Espinosa et al.

of the same material, imposes the need to thoroughly char-

acterize the very same nanostructure that is mechanically 

or electromechanically tested in order to establish unam-

biguous synthesis-structure-property relations for a given 

nanomaterial. 

 In this article, we review the mechanical and electrome-

chanical testing of one-dimensional nanostructures carried 

out  in situ  transmission electron microscopes (TEM). It will 

be argued that given the aforementioned constraints for 

establishing structure-property-relations for these specimens, 

in situ TEM testing is a technique that excels at enhancing 

our understanding of 1D nanostructures. The article presents 

a critical review of the available experimental techniques 

and several examples that showcase the capabilities of in situ 

TEM to uncover new phenomena in several nanomaterials. 

Throughout this review, it will be argued that given the chal-

lenges in mechanical and electromechanical characteriza-

tion of nanostructures, the extremely high atomic resolution 

achieved in the TEM in addition to its analytical capabilities 

make  in situ  TEM one of the most suitable techniques for 

carrying out such measurements. [  141  ]    

 2. Background  

 2.1. Relevance of Mechanical and Electromechanical Testing 
for One-Dimensional Nanostructures 

 As mentioned above, one-dimensional nanostructures 

have emerged as viable alternatives for new materials and 

devices. For instance, carbon nanotubes (CNTs) are being 

used to develop novel yarns [  2  ]  with specifi c energy to failure 

similar to that established for spider silk but with higher spe-

cifi c strengths. [  2  ]  Still, yarn strength is much lower than that 

of pristine CNTs (1 TPa modulus and 100 GPa strength [  3  ] ). 

Hence, mechanical testing of CNTs, CNT bundles and 

their interaction, with atomic resolution, presents a unique 

opportunity for multiscale design of materials with proper-

ties scaled to the macroscale. [  17  ]  In the case of other nano-

materials such as semiconducting and metallic nanowires, 

with applications in electronics, plasmonics and photonics, 

mechanical and electromechanical properties are of rele-

vance, although a direct link sometimes may not be explicit. 

However, there are several examples in which these proper-

ties are at the core of establishing the behavior of nanoscale 
erlag GmbH & Co. KGaA, Weinheim
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nanowires [  18  ]  and strips or fi bers of piezoelectric materials 

such as Lead-Zirconate-Titanate (PZT). [  19  ]  These devices 

produce electrical energy, which is envisioned to power per-

sonal electronic devices, by harvesting mechanical energy 

coming from, for example, body motions or vibrations, and 

converting it to electricity via the piezoelectric effect. In the 

case of semiconducting nanowires, mechanical and piezoe-

lectric properties of ZnO nanowires were necessary to estab-

lish the amount of voltage produced by the nanogenerating 

scheme. [  20  ]  Charges were estimated by using a mathematical 

model that linked the elastic, piezoelectric and dielectric 

properties of the material, as well as its carrier concentra-

tion. In the case of PZT nanoribons, the mechanical proper-

ties were necessary for designing a device that can buckle 

and stretch the fi bers to generate electricity without under-

going fracture. [  21  ]  

 Another example where the knowledge of mechanical 

and electromechanical properties has proven important is in 

the investigation of piezoresistance in silicon nanowires. In 

order to extract the piezoresistive coeffi cient and decouple 

the changes in resistance from dimensional changes, knowl-

edge of stresses and strains in the nanowire is necessary. In 

a highly cited paper where giant piezoresistance in silicon 

nanowires was demonstrated, [  22  ]  calculations were performed 

using the values of bulk silicon. However, it has been found 

that depending on the orientation, the modulus of silicon 

nanowires changes as their dimensions decrease. [  23  ]  This 

points to the need for measuring all nanowire properties 

during electromechanical tests. Given that size-dependent 

elastic behavior [  24  ]  and surface states that induce electron 

and hole trapping [  25  ]  were not considered in the initial report, 

giant piezoresistance continuous to be a subject of debate. 

One can also cite the usage of silicon nanowires for lithium 

batteries, where knowledge of their mechanical properties 

and theoretical modeling of the deformation processes during 

lithiation are fundamental to understand why the nanowires 

withstand the extreme volume changes that make them good 

electrode materials. [  26  ]  

 Finally, we point out that knowledge of deformation and 

mechanical properties are of relevance to other nanostruc-

tures, for example, nanoparticles. In such case, surface steps 

are known to infl uence catalytic and thermal properties, 

while knowledge of their mechanical properties is critical 

when they are incorporated into polymeric nanocompos-

ites. [  27  ]  There is also increased scientifi c interest in dislocation 

mechanisms in nanoparticles since several experiments have 

indicated absence of dislocation at large strains, or their dis-

appearance upon unloading. [  27  ,  28  ]  

 The previous examples showcase that knowledge of 

mechanical and electromechanical properties is paramount 

to understand and optimize the behavior of nanostructured 

materials and nanoscale devices. Hence, characterization of 

mechanical properties in one-dimensional nanomaterials 

has played, and will continue to play an important role in 

addressing challenges of reliability, robustness and func-

tionality of systems with nanoscale architectures. Having 

established that mechanical property characterization is an 

important fi eld of study, we next discuss one of the most accu-

rate and powerful techniques for doing so.   
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 8, No. 21, 3233–3252
 2.2. Mechanical and Electromechanical Characterization of 
Nanostructures: The Need for In situ TEM 

 There are several requirements for carrying out accurate 

mechanical and electromechanical characterization at the 

nanoscale. These are:  

 1.     Precise measurements of forces and displacements/strains. 

We highlight the fact that it is much preferred for both to 

be measured as otherwise an assumption of constitutive 

behavior — which is not always available for nanoscale 

materials — has to be made.   

 2.     Precise measurement of the specimen cross-sectional area. 

This is important for calculating stress from the measure-

ment of force. [  29  ]  Given the dimension of nanoscale speci-

mens, resolution is important and errors in measurement 

of the cross-sectional area become more important as size 

decreases.   
3235www.small-journal.comH & Co. KGaA, Weinheim
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     Figure  1 .     Temporal and spatial resolution of several microscopy 
techniques. TEM and related techniques (4D-UEM, DTEM) cover the 
highest spatial and time resolutions. X-ray resolutionfrom Ref, [  140  ]  DTEM 
from, [  35  ,  37  ]  and 4D-UEM from. [  36  ]   
 3.     Knowledge of preexisting defects, crystalline and surface 

quality of the specimen.   

 4.     In the case of electromechanical measurements, ade-

quate resolution of the electrical variables (current and 

voltage).   

 5.     Real-time or near real-time observation of the experiment 

in order to establish cause-effect relations, metastable 

states, and mechanisms of fracture or failure. [  30  ,  31  ]     

 The measurement of force and electrical quantities is typ-

ically more dependent on the particular setup used to deform 

the nanostructure. Depending on the employed sensor, the 

measurement of force may not depend on spatial input but 

rather on other electrical variables such as electronic noise. 

In the same vein, the measurement of electrical quantities 

depends primarily on the instrumentation available, and in 

the establishment of proper electrical contacts to the nano-

structure (Ohmic or Schottky, depending on the desired 

measurement). 

 On the other hand, the measurement of strains, displace-

ments and cross-sectional areas, and the identifi cation of 

defects depend directly on the temporal and spatial reso-

lution of the instrument where the mechanical deforma-

tion is visualized. Given the dimensions of nanostructures, 

optical microscopes are mostly inadequate, narrowing the 

possible choices to electron microscopy and scanning probe 

microscopy (the latter with some limitations as explained 

below). Within electron microscopy, conventional TEM, and 

aberration-corrected TEM have nanometer and sub-angstrom 

resolution, [  32  ]  respectively, which is much superior to conven-

tional scanning-electron microscopy (SEM). Additionally, 

an array of analytical capabilities (with a probe size on the 

nanometer scale) complement resolution, providing informa-

tion about crystalline quality, preexisting defects and chem-

ical composition. [  14  ,  33  ]  

 Temporal resolution is another advantage of TEM, as 

it usually can capture images at TV rate ( ∼ 30 frames-per-

second). [  34  ]  This makes it superior for real time in situ testing 

over similar-resolution techniques such as Scanning Tun-

neling Microscopy (STM) or other scanning probe tech-

niques (atomic force microscopy, AFM), where slow scanning 

is often required to achieve ultimate resolution. Thus, the 

TEM is able to resolve a given area with atomic resolution in 

a shorter time-span than what it would be possible with scan-

ning probe techniques. 

 Recent efforts have been made to extend the time reso-

lution of the TEM to the nanosecond (ns) and even femto-

second (fs) regime. This is accomplished by the use of two 

laser pulses, one triggering changes in the specimen and the 

other triggering the electron emission necessary to obtain 

a TEM image. By careful control of the delay between the 

pulses, resolutions of 15 ns, [  35  ]  and even fs [  36  ]  have been 

achieved. In the fi rst case, called Dynamic-TEM (DTEM), 

the aim is to obtain one complete TEM image per laser shot. 

However, the large number of electrons needed to form an 

image in this fashion compromises spatial resolution. [  37  ]  In 

the second case, called four-dimensional ultrafast electron 

microscopy (4D-UEM), [  36  ]  the response of many fs-scale elec-

tron pulses is integrated over time in one image (the so-called 
236 www.small-journal.com © 2012 Wiley-VCH V
stroboscopic approach), preserving high spatial resolution. [  37  ]  

In both cases, a single experiment cannot be followed over 

time, given the impossibility of capturing images at fs or ns 

rates with a CCD (charge coupled device) detector. Instead, 

several experiments are carried out at varying delay times, 

capturing an image in each one. [  38  ]  Nevertheless, the time 

scales reached are unprecedented, extending the accessible 

time scale for TEM to the realm of phase transformations, 

chemical reactions and even atomic motions. [  36  ]  A summary 

of the advantages of TEM in temporal and spatial resolution 

are illustrated in  Figure    1  . [  33  ]   

 The identifi cation of preexisting defects in 

1D-nanostructures and its relevance to mechanical and 

electromechanical properties deserves special attention. [  39  ]  

Crystalline defects such as stacking faults and dislocations 

are known to infl uence the mechanical response. However, 

their infl uence on electromechanical properties is often over-

looked. Inversion domain boundaries, by creating anti-par-

allel polarizations, and dislocations, by inducing a localized 

strain fi eld, have an effect on piezoelectricity. [  40  ]  On the other 

hand, the role of stacking faults and surface defects is not well 

established, although stacking faults locally affect the band 

structure. [  40  ]  All of the aforementioned defects have been 

identifi ed in nanostructures. More importantly, their iden-

tifi cation was achieved exclusively using TEM [  12  ,  41–44  ]  which 

attests to its suitability to evaluate crystalline structure in 1-D 

nanostructures. Evidently, all the aforementioned advantages 

of the TEM for structural characterization are not exclusive 

to nanowires and nanotubes, but to other nanostructures such 

as nanoparticles. [  27  ]  

 In conclusion, TEM clearly possesses superior capabilities 

to thoroughly and unambiguously characterize the mechan-

ical and electromechanical response of one-dimensional 

nanostructures. In the following sections, we present a survey 

of the most impactful experimental setups and scientifi c 
erlag GmbH & Co. KGaA, Weinheim small 2012, 8, No. 21, 3233–3252
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     Figure  2 .     Basic concepts of TEM. a) Simplifi ed schematic of the electron-path inside a TEM column. b) Schematic of the different interactions of the 
incident electrons with the electrons from the specimen. These interactions are useful in several analytical techniques in the TEM. c) Schematic of 
the formation of diffraction spots. The structure and periodicity of the diffraction pattern is directly related to the structure and periodicity of the 
atoms in the specimen. Figures b,c) adapted with kind permission. [  14  ]  Copyright 2009, Springer Science and Business Media.  
discoveries that demonstrate how TEM has, and will con-

tinue to provide unprecedented insight into the fundamental 

synthesis-structure-properties relations for nanostructures.    

 3. In-Situ TEM Experimental Methods 

 In the previous section, it was established that in situ TEM is 

the technique-of-choice to carry out mechanical and electro-

mechanical characterization of nanoscale specimens. Here we 

will provide a short summary of the basic principles of TEM, 

followed by a review of the different experimental setups 

that have been developed to carry out testing inside the TEM 

as well as the specimen preparation techniques used for posi-

tioning one-dimensional nanostructures in the testing setups. 

 The TEM operates by passing a mostly coherent (tem-

poral and spatial coherence lengths are in the order of a few 

hundred and a few nanometers, respectively [  14  ] ) beam of elec-

trons through a thin specimen. Given the wavelength of the 

electrons, the potential resolution is well below the size of 

an atom. [  14  ]  Indeed, recent advances in aberration-corrected 

TEMs have allowed resolutions of 80 pm. [  32  ]  The electron 

beam is focused through a series of electron-lenses after 

passing through the sample, and fi nally impinges an electro-

luminescent screen or CCD detector that provides a visible 

output related to the image created by the electrons passing 

through the sample. Movies may be recorded by continuously 

acquiring images from the CCD. A simplifi ed schematic of 

this concept is shown in  Figure    2  a.  

 Given that the high energy electrons ( ∼ 50–200 keV in con-

ventional TEMs) are ionizing radiation, some electrons from 

the sample can interact with the beam, causing scattering of 

electrons, which in turn provides information about the spec-

imen structure and composition. [  14  ]  Many of the analytical 

techniques in the TEM that allow elemental or other types 

of characterization are based on these scattered electrons. 

On the other hand, electrons that passed unscattered through 

the sample (the direct beam) are used to form the so-called 

bright–fi eld image, which, for most practical applications, 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 8, No. 21, 3233–3252
represents the projection of the sample along the direction of 

the beam. A schematic of this is shown in Figure  2 b. 

 Electron diffraction is also a very useful feature of the 

TEM. The diffracted beams (Figure  2 c) are directly corre-

lated to the atomic structure of the sample. Thus, electron 

diffraction in the TEM can be used to identify crystalline 

structure and to obtain, among several measurements, inter-

planar spacing, useful for measuring strains in the specimen. 

 Of particular relevance to the investigation of 1D 

nanostructures is the TEM capability of performing ana-

lytical studies, diffraction and imaging in the scale of a 

few-nanometers or even atomic-scale, which enables thorough 

characterization of the nanospecimen and may uncover local-

ized phenomena such as amorphization, created by large 

inhomogenous strains. [  45  ]   

 3.1. Overview of TEM Specimen Holders 

 One of the challenges of carrying out  in situ  testing in the 

TEM arises because the functional part of the experimental 

setup must fi t within the limited volume available in TEMs 

for the specimen holder. The thickness, which is controlled by 

the gap between the pole pieces of the lenses, is one of the 

most stringent dimensional constraints if complex microsys-

tems are used in the experimental setup. This constraint 

becomes more prominent as resolution increases in view that 

higher resolution usually means a smaller gap, the excep-

tion being some specialized aberration corrected instruments 

where the gap can be up to 20 mm. [  30  ]  An illustration of the 

geometrical characteristics of typical TEM specimen holders 

is given in  Figure    3  .  

 For carrying out mechanical and electromechanical 

testing, researchers have engineered several types of holders 

and experimental techniques to work around these con-

straints. Although sometimes this may result in compromises 

in functionality (e.g., only having primary tilt capabili-

ties [  34  ] ), technical advances continue to push the boundaries 

of what can be done inside the microscope, for example 
3237www.small-journal.comH & Co. KGaA, Weinheim
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     Figure  3 .     Schematic of a typical TEM specimen holder. Left: Cross-section of a TEM Column and the position of the holder. Right: Perspective view 
of the holder-tip. The specimen typically has to be within a circle of 3mm diameter (dark grey area). These dimensional constraints result in a 
limited size for the experimental setup.  
microelectromechanical systems (MEMS) that miniaturize 

the setup so that the size of movable parts is no longer a 

major concern. In the following section, we discuss several 

methods and setups for mechanical and electromechanical 

testing and their application to the testing of one dimensional 

nanostructures. In each method we present the physical prin-

ciples that govern the particular measurement technique and 

the essential technical details of how the method is imple-

mented. We also provide representative results obtained with 

each technique to illustrate the capabilities of in-situ TEM 

testing to the mechanical and electromechanical characteri-

zation of 1D nanostructures.   

 3.2. Methods for Mechanical and Electromechanical Testing 
of Nanowires and Nanotubes  

 3.2.1. Resonance 

 Resonance methods deserve a special mention given their his-

torical importance and simplicity. Using this method, the fi rst 

reports on the experimental measurement of the modulus of 

CNTs were published. [  46  ,  47  ]  Given the success of measuring 

CNT properties and its relative simplicity, the technique 

gained quick acceptance and has been used to characterize 

the properties of other materials. [  48  ,  49  ]  

 In the resonance characterization method, the modes of 

vibration of a freestanding nanostructure are characterized 

and the mechanical properties are extracted based on con-

tinuum and statistical mechanical models. The nanostructure 

is cantilevered on a substrate and is free to vibrate at the 

tip. In order to observe the vibration, the nanostructure axis 

must be perpendicular to the axis of the electron-beam and 

any misalignment must be prevented, using the microscope 

focus as a guide. [  46  ]  

 The resonance of the structure can either be thermal or 

electrostatic. Thermal resonance is observed as blurriness of 

the tip of the nanostructure and is intrinsic to any system. 

Electrostatic resonance is induced by the application of an 

oscillating electric fi eld to the nanostructure. 

 Thermal resonance has been used to characterize the 

elastic moduli of carbon [  46  ]  and boron nitride nanotubes. [  50  ]  A 

continuum mechanics model of a cylinder, excited by thermal 

vibrations, is used to relate the geometry, temperature, and 

modulus to the measured vibration amplitude. The vibration 
www.small-journal.com © 2012 Wiley-VCH Ve
amplitude at the nanostructure-tip as a function of tempera-

ture, [  46  ]  or as a function of position (keeping the temperature 

fi xed), [  50  ]  can be used to extract the elastic modulus. 

 On the other hand, electrostatic resonance has been 

used to characterize the elastic moduli of carbon nano-

tubes, [  47  ]  tungsten oxide nanowires, [  48  ]  and gallium nitride 

nanowires. [  49  ]  In this method, an oscillating voltage is applied 

between the specimen and a counter-electrode positioned 

nearby, which creates an oscillating electric fi eld that in turn 

induces oscillations in the nanostructure. By sweeping the 

frequency of the voltage, the resonance frequencies (funda-

mental or harmonics) of the nanostructure can be identifi ed. 

The mechanical properties are extracted via a continuum 

mechanics model that relates the measured resonance fre-

quency, geometry, density and elastic modulus of the material. 

Note that this method has also been applied in SEM for the 

characterization of elastic modulus of other nanostructures, 

such as zinc oxide nanowires. [  51  ]  

 The resonance method has the advantage of being easily 

implementable as it does not require a very sophisticated 

TEM holder (see  Figure    4  a). In addition, sample preparation 

is relatively straightforward. However, only the measurement 

of elastic modulus is possible while measurement of stress-

strain response and fracture strength and strain is not. The 

diffi culty of precisely identifying the amplitude of thermal 

vibration has also been pointed out to lead to experimental 

uncertainties. [  47  ]     

 3.2.2. TEM/SPM and Nanoindenter-Based Compression, Tension 
and Bending 

 Some of the resonance setups that were proposed in early 

years had, as one of the two electrodes, a small movable tip 

actuated by a piezoelectric tube scanner, similar to the early 

setups of scanning tunneling microscopy. This initial idea of 

having a nanometer-precision movable tip opposing another 

electrode, all embedded in a TEM specimen holder, has 

evolved into three main setup types. When these are com-

bined, they account for the majority of reported results of 

mechanical, electrical and electromechanical tests of nano-

structures in situ TEM. These classes are respectively, the 

nanoindenter setup, the so-called STM/TEM (STM-Scanning-

Tunneling-Microscope) and the so-called AFM/TEM 

(AFM–Atomic Force Microscope). The latter two are often 

grouped under the name TEM/SPM (SPM—Scanning Probe 

Microscopy). The common idea in these setups is to utilize 
rlag GmbH & Co. KGaA, Weinheim small 2012, 8, No. 21, 3233–3252
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     Figure  4 .     Schematics of some of the different setups available for TEM electro/mechanical characterization. From fi gures a) to c) the particular 
TEM holder-tip is shown. a) Holder-tip for the electrostatic resonance method. Note the two terminals used to introduce an AC electrostatic fi eld 
to the specimen. Reprinted with permission. [  106  ]  Copyright 2000, IUPAC. b) STM/TEM system where a STM head is used to deform the sample and 
electrical measurements are possible. Reprinted with permission. [  64  ]  Copyright 2003, American Institute of Physics. c) An evolution of STM/TEM is 
the AFM/TEM where a cantilever can be used to measure force, and in selected cases, also apply electrical signals. Reprinted with permission. [  80  ]  
Copyright 2008, IEEE. d) Nanoindenter-based extensions for 1D nanostructure testing. On the left, a gripper tensions a FIB-fabricated copper 
specimen. Scale bar: 200 nm. On the right, a microfabricated fl exure converts the compressing motion of the indenter to tension. Scale bar: 
100  μ m. Reprinted with permission. [  60  ,  61  ]  Copyright 2011, American Chemical Society. e) TEM grid covered with a collodion thin fi lm that stretches 
under e-beam irradiation, thus straining the specimens. Reprinted with permission. [  45  ]  Copyright 2007, American Chemical Society. f) TEM grid 
with a microfabricated platform allowing 4-point measurements. The image in the right shows a magnifi ed view of the dashed square on the left. 
Scale bars: 1 mm, 50  μ m. Reprinted with permission. [  104  ]  Copyright 2006, IOP Publishing Inc.  
the moving tip to deform the sample in some fashion while 

visualizing it in situ TEM. Depending on the setup, the elec-

trical and mechanical consequences of said deformations can 

be measured and correlated. Common to all the setups is a 

predominance of compressive deformations, either homo-

geneous in the case of pillars, or heterogeneous when slender 

specimens are compressed and later buckled or bent. 

 The exception to this is the atom-sized specimens created 

from contact and retraction of the two electrodes. [  52  ]  These 

three setups will be briefl y explained below; for a compre-

hensive review of nanoindentation setups, see Stach, [  53  ]  for 

STM-AFM/TEM, see Nafari et al. [  34  ]   

 Nanoindentation and Pillar Compression : The nano-

indenter setup was initially implemented using a piezo-tube 

scanner pushing against the specimen to impose deformation 

through a diamond tip or punch. [  54  ]  Although indentation 

as a technique to impose deformation is outside the scope 

of this review, we mention it because this setup has evolved 

towards the testing of one-dimensional nanostructures and 

can be considered a precursor of the TEM/STM setup. Nowa-

days, commercial nanoindenter setups exist and are widely 

used. They consist of an electrostatic actuator that employs 

capacitive sensing for the measurement of force. 

 These setups have been typically used to impose forces 

in the order of  μ N [  55  ]  to micrometer or submicrometer pillar 

samples fabricated by focused-ion-beam (FIB) milling. Until 
© 2012 Wiley-VCH Verlag GmbHsmall 2012, 8, No. 21, 3233–3252
very recently, the pillars were in the micron or sub-micron 

diameter regime and therefore are not one-dimensional 

nanostructures. However, important developments in the 

fi eld of size-scale plasticity have been achieved using this 

setup, in combination with in-situ TEM and SEM experi-

ments. Indeed, it has become clear from experiments in 

single-crystal metals that the ultimate tensile strength and 

the yield strength increase with reduction of the specimen 

size. The exact mechanism of this increase is still a subject of 

study and in-situ TEM experiments play a critical role given 

that it is the only technique where dislocation activity (such 

as nucleation or annihilation at free surfaces) and preexisting 

defects, both critical to the behavior of the specimen, can 

be characterized. The results in this fi eld are extensive and 

beyond the scope of this article, but the reader is referred 

to [  56  ,  57  ]  for recent reviews. 

 Nowadays, submicrometer experiments in situ TEM and 

SEM are starting to be carried out. [  58  ]  One example where 

this class of setups has been used for nanostructures is the 

work by Huang et al. [  59  ]  where sub-micron GaN nanowires 

with very low aspect ratio (in the guise of pillars) were com-

pressed to failure. 

 An important new development that will likely extend 

the range of this technique towards submicrometer 1D 

nanostructures is the development of modifi ed nano-

indenter tips and microfabricated stages for tensile testing 
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     Figure  5 .     MEMS devices for in situ TEM testing. a) TEM holder Tip showing the interfacing of 
electrical connections with the terminals of the MEMS chip. Reprinted with permission. [  92  ]  
Copyright 2005, Cambridge University Press. b,c) TEM holder for the MEMS chip. Scale bar 
in c) is 10 mm. Reprinted with permission. [  88  ]  Copyright 2010, Cambridge University Press. 
d) SEM micrograph of the MEMS device developed by Espinosa and co-workers. Note the 
thermal actuator, load sensor and the window allowing observation of the sample in TEM. 
Scale bar: 100  μ m. e) Magnifi ed view of the shuttles where the specimen is positioned. Scale 
bar: 40  μ m. f) Magnifi ed view of the differential capacitors for detecting displacement of the 
load sensor. Scale bar: 15  μ m.  
(see  Figure    5  d). In the fi rst case, dog-bone specimens with 

dimensions in the 100–200 nm diameter regime, fabricated 

by FIB, are pulled by a nanoindenter tip in the shape of a 

gripper. This setup was employed in copper specimens to 

prove that in the submicron regimes, dislocation sourcing 

and exhaustion infl uence simultaneously the hardening 

behavior in metallic specimens. [  60  ]  In the second case, a 

microfabricated fl exure was used to convert the compressing 

motion of the nanoindenter into tension. With this imple-

mentation, a 270 nm vanadium dioxide (VO 2 ) nanowire 

was strained to achieve phase transformation. The Young’s 

moduli of both M1 and M2 phases in VO 2  was measured 

(128  ±  10 and 156  ±  10 GPa). [  61  ]  It must be pointed out that 

given the resolution of the nanoindenter setup (sub- μ N [  55  ] ), 

tests of smaller-diameter samples, as achieved by other tech-

niques, will require the development of load sensors with 

greater resolution.   

 TEM/STM : Using TEM/STM, several interesting phe-

nomena have been probed, such as superplasticity in CNTs, [  62  ]  

wall by wall current-induced breakdown of multi-walled CNTs 

(MWCNTs), [  63  ]  and the fi rst report on quantized conduct-

ance through rows of individual atoms of gold. [  52  ]  These are 

very relevant examples of the employment of high-resolution 

TEM (HRTEM) to discover new nanoscale phenomena. 

 The TEM/STM setup consists of two opposing electrodes 

in the frame of the TEM specimen holder. One of them is 

fi xed and the other is moved by a piezoelectric setup that can 

operate in fi ne, and in some cases, coarse motion-regimes, the 

latter enabled by an inertial mechanism. [  64  ]  Depending on the 

type of experiment, the specimen can be positioned in either 

electrode and the deformation is imposed by the movement 

of the movable electrode. In most cases, a tip is positioned 

in the movable electrode in order to be able to target indi-

vidual nanostructures. An example of the experimental setup 

is shown in Figure  4 b. 
www.small-journal.com © 2012 Wiley-VCH Verlag GmbH & Co. KGaA
 The initial motivation for the develop-

ment of a TEM/STM setup was to observe 

the nature of the contact between tip and 

surface in STM experiments. [  65  ]  This con-

tinued to be an active area of research, 

with recent demonstrations of atomic-

resolutions scans performed in this type 

of instrument. [  64  ]  However, nowadays this 

technique is rarely used in the traditional 

sense of an STM experiment, [  34  ]  where 

the tip performs a raster scan. Rather, the 

movement of the tip is used to introduce 

deformations in the nanostructure under 

study while the electrical properties (cur-

rent vs. voltage relation) are measured 

using the electrical capabilities provided by 

the STM tip. Incidentally, this type of setup 

has also been used for studying friction of 

surfaces in-situ the TEM. [  66  ]  

 One of the limitations of this setup is 

the lack of measurement of force. As a 

result, the experiments are limited to cor-

relating the observed deformations with 

changes in electrical properties, but knowl-
edge of the forces is non-existent or estimated from the strain 

state. The most usual type of test is the compression and pos-

terior bending, buckling, and fracture of a nanowire or nano-

tube and the high-resolution observation of the process. [  67  ,  68  ]  

Nevertheless, given its relative simplicity, STM/TEM con-

tinues to be used, accounting for a large portion of the litera-

ture on in situ TEM testing of nanostructures.  

 TEM/AFM : Following the developments of STM/TEM 

and nanoindenters in situ TEM, more sophisticated setups 

have been proposed. In particular, instead of just a simple 

electrode opposing the nanomanipulator, one can position an 

AFM cantilever, which serves as a force sensor. In this way, 

mechanical measurements with nN force resolution are pos-

sible. Additionally, if the AFM cantilever is conductive and 

connected to an electrode, coupled electrical and mechanical 

measurements are possible. An example of the experimental 

setup is shown in Figure  4 c. 

 With this implementation, kinking of CNTs was observed, 

where a yield strength of 1.7 GPa was measured. [  69  ]  Further-

more, atom-sized specimens, obtained by pulling apart a sub-

strate and an AFM tip coated with the same material have 

been created. In particular, Au, Cu, and Pd point contacts [  70–72  ]  

and silicon nanowires [  73  ,  74  ]  have been tested. Additional 

mechanical measurements have been carried out, including 

fi lled carbon nanotubes [  68  ,  75–77  ]  and ZnO nanowires. [  78  ]  In the 

fi rst studies the difference in mechanical properties between 

fi lled and empty nanotubes was established, as well as sev-

eral mechanisms of failure such as kinking. In the latter study, 

a elasticity size effect in nanowires previously reported by 

Agrawal et al. in situ-TEM [  79  ]  was observed; additionally, 

amorphization of the nanowires under repeated bending 

loads was demonstrated using high resolution imaging and 

diffraction. 

 There are three main sub-classes of this type of holder, 

differentiated by the method utilized to measure the force, 
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i.e., the defl ection of the AFM cantilever. In the fi rst case, the 

defl ection is simply measured from images obtained in the 

bright fi eld mode. In the second case, the laser optical lever 

system used in traditional AFMs is implemented inside the 

TEM. In the third case, a piezoresistive cantilever is used to 

electronically sense the deformation. 

 Direct imaging of the cantilever has the advantage of sim-

plicity, but it can compromise resolution and accuracy because 

relatively low magnifi cations are required if the whole canti-

lever is imaged. One can use high resolution and image just 

the contact zone and measure the cantilever defl ection based 

on the displacement of the AFM tip, but this assumes that the 

fi eld-of-view of the TEM does not drift, which is not always 

the case. Furthermore, time resolution is limited to the rate 

of images captured, thus presenting a compromise: the faster 

the images are captured, the better the time resolution is but 

the image quality decreases. This is a problem if atomic reso-

lution is needed. 

 On the other hand, implementing an optical laser system 

to detect the cantilever defl ection is very challenging, but 

it provides considerable advantages in terms of force and 

time resolution. This setup has been implemented by Kizuka 

et al. [  70  ]  They used one of the goniometer ports of the TEM 

to implement the optical setup necessary for detecting the 

motion of the AFM cantilever. The advantage of this system 

compared to the previous one is the possibility of obtaining 

real-time measurements of force with sub-nN resolution. A 

remarkable example of the advantages of real-time, high 

resolution measurements of force is the synthesis of stable, 

high aspect ratio, atomic-scale-width silicon nanowires by 

withdrawing a point contact, which required continued moni-

toring and adjusting of the pulling force in order to obtain a 

stable structure. [  74  ]  Coupled mechanical and electrical meas-

urements and atomic-resolution imaging of this specimen 

were performed, establishing that these atom-sized nanowires 

can withstand 10 9  to 10 11  A/m 2  of current density. 

 Finally, implementing a piezoresistive sensing of the can-

tilever defl ection provides a compromise between the two 

aforementioned approaches; force resolution is lower, on 

the order of 15 nN [  80  ]  but real time measurement of force is 

possible. One possible caveat is the drift induced in the sen-

sors by irradiation of the TEM beam. [  80  ]  Additionally, custom 

microfabrication is required to deposit a piezoresistive fi lm 

over the cantilever and interface it with the setup.   

 3.2.3. MEMS-Based Testing 

 MEMS have emerged as the most advanced alternative to 

create test setups for the mechanical and electrical charac-

terization of nanostructures and other specimens. The use of 

traditional microfabrication techniques allows the creation 

of diverse geometries for mechanical testing in a very pre-

cise way, which is benefi cial for creating tests with carefully 

controlled boundary conditions. By combining electronically-

controlled actuation and sensing, these devices have signifi -

cant advantages as they apply and measure load and strain 

independently, while simultaneously allowing for uninter-

rupted observation of the specimen in HRTEM. [  81  ]  

 Several nanomaterials have been tested with these devices. 

In particular, size effects in the elastic and fracture behavior 
© 2012 Wiley-VCH Verlag Gmsmall 2012, 8, No. 21, 3233–3252
of ZnO and GaN nanowires, [  29  ,  79  ,  82  ]  irradiation improvements 

in the mechanical properties of CNT and CNT-based mate-

rials [  3  ,  83  ]  and plasticity in penta-twinned silver nanowires [  84  ]  

have been investigated. 

 The precursor of the aforementioned MEMS systems for 

mechanical testing were developed by Haque and Saif. [  85  ]  

These devices were not strictly MEMS since electronic 

sensing and actuation were not implemented. Instead, micro-

fabricated fl exures were adapted to be actuated by traditional 

TEM straining holders. [  86  ]  These devices allowed measure-

ment of strain by TEM observation but the measurement 

of force required tracking the movement of a structure with 

known stiffness. This tracking was achieved by TEM observa-

tion as well, which implies that the beam needed to be shifted 

from the specimen. Moreover, these devices have been mostly 

used to test thin fi lms or micrometer-sized samples. [  87  ,  88  ]  

 A MEMS device for nanostructure testing, combining 

electronic sensing and actuation, was developed by Espinosa 

and coworkers. [  81  ,  88–91  ]  The complete setup for in situ TEM 

testing using this MEMS device is shown in Figure  5 . A 

custom TEM holder (Figure  5 a-c) allows positioning of the 

MEMS chip inside the TEM and electrical addressing of the 

electronics for sensing and actuation. [  88  ,  92  ]  Figure  5 a shows a 

detailed view of the holder-tip, where it can be seen how the 

device chip fi ts in the holder and the way electrical connec-

tions are achieved. These connections are then routed outside 

the TEM by contacts running inside the holder and through a 

fl ange (Figure  5 b). 

 The MEMS devices have a thermal actuator and a capaci-

tive load sensor (Figure  5 d). The specimen is located in 

between these two (Figure  5 e) and is positioned in the device 

using a nanomanipulator. Determination of the specimen 

strain is achieved by direct observation in TEM, either in 

bright fi eld or in diffraction mode. For force measurement, 

the displacement of a previously-calibrated load sensor is 

measured using a set of differential capacitors (Figure  5 f). 

 Although this technique allows carefully controlled 

testing, the sample preparation and operation of the device 

is challenging, lowering the overall throughput of testing. 

Advances in in-situ growth of nanostructures and directed 

growth of nanostructures should contribute to increase the 

number of tests that can be performed. This becomes rele-

vant when strength and failure of nanostructures are studied 

as these phenomena are inherently stochastic, requiring per-

forming several test to achieve reliable statistics. [  82  ]  

 It should be noted that recently, many other groups 

have developed MEMS for similar applications, although 

in-situ TEM operation has not been demonstrated. [  93–96  ]  

Nanofi bers [  97  ]  and biological specimens such as col-

lagen fi brils [  98  ]  have been tested either in SEM or optical 

microscopes. 

 New developments in this type of in situ testing are now 

being directed to the merging of several physical domains in 

the same experiment, for example, mechanical, thermal and 

electrical. For thermal experiments, MEMS have the advan-

tage of achieving higher heating rates and lower thermal 

drift, due to the low thermal mass of the system. A pioneering 

example of the use of MEMS for in-situ TEM, temperature-

driven experiments, was reported by Zhang et al. [  92  ]  where 
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     Figure  6 .     MEMS device for four-point electromechanical measurements. 
a) Using the same platform shown in Figure 5d, the shuttles of the MEMS 
device have been modifi ed to perform four-point measurements. Four 
electrical connections extend on top of insulating silicon nitride shuttles 
and come close to the specimen. The path of one of the connections is 
indicated by a dashed line. Scale bar: 40 µm. A detail of the dashed 
square is provided in b) where a nanowire is connected for four-point 
measurements using electron and ion beam deposition of platinum. 
Scale bar 5 µm. [  102  ]   
a microcalorimeter and heater were incorporated into a 

MEMS in order to measure the size-dependent melting of Bi 

nanoparticles. Allard et al. also demonstrated an in-situ TEM 

MEMS heater able to achieve a temperature of 1000 ° C in 

1 ms. [  99  ]  More recently, Kang and Saif developed a MEMS 

device with resistive heating and a bi-metal temperature 

sensor capable of measuring, during a uniaxial tensile test, 

the mechanical properties of silicon microbeams from room 

temperature to 400  ° C. They reported a slight decrease of the 

modulus with increasing temperature, in agreement with pre-

vious results. [  100  ]  

 On the other hand, MEMS with the capability to perform 

mechanical and electrical measurements either separately [  101  ]  

or simultaneously [  88  ,  95  ,  96  ]  have been recently reported. This 

should allow probing properties such as piezoelectricity and 

piezoresistance [  96  ]  in the near future. In particular, Espinosa 

and coworkers have recently developed a four-point micro-

electromechanical testing system, which combines the 

aforementioned advantages in mechanical testing with true 

resistance measurements. [  102  ]  In this device, the platform 

for mechanical testing was extended to accommodate four 

independent electrical connections to the nanostructure. As 

shown in  Figure    6  a-b, four traces from the outside electronics 

are connected to the specimen (Figure  6 b). These connec-

tions are fabricated on top of insulating freestanding silicon 

nitride layers [  88  ]  to ensure that all electrical signals are inde-

pendent from each other. The specimen is contacted to by 

Ion or Electron-Beam-Induced platinum deposition (IBID 

or EBID) (Figure  6 b).    

 3.2.4. Other Techniques 

 Other less reported techniques exist for mechanical and elec-

trical testing in situ TEM. They incorporate functionality in 

a standard TEM grid which simplifi es the implementation of 

the TEM holder and the sample preparation required. 

 Han et al. [  45  ,  103  ]  have used TEM copper grids covered with 

a collodion thin fi lm (Figure  4 e) that bends under electron-

beam irradiation as it undergoes polymerization, presumably 

induced by electron-beam-induced heating. Silicon or silicon 

carbide (SiC) nanowires are deposited randomly on the 

grids and get deformed either in tension or bending as the 

supporting fi lm is deformed under the electron-beam. One 

important aspect is that the collodion fi lm is able to shrink 

up to 4–5% which induces large strains in the nanowires, up 

to 125%. [  103  ]  One disadvantage of the method is the lack of 

measurement of force. 

 On the other hand, Xu et al. [  104  ]  have developed a micro-

fabricated platform for four-point electrical measurements of 

nanowires (Figure  4 f) that can be bonded in a standard TEM 

single-hole aperture grid. The four probes have a separation 

of 1 to 2  μ m which allows testing the electrical properties of 

nanowires. With this setup, post-mortem inspection of pre-

tested nanowires can be carried out in TEM. Even when this 

is not an in situ technique, it could be possible to implement 

it in situ if the four contacts are addressed with a custom 

TEM holder. 

 As a conclusion to this section, we summarize the loading 

modes, capabilities, resolution and throughput of the tech-

niques that were discussed, in  Table    1  .     
www.small-journal.com © 2012 Wiley-VCH Ver
.3. Sample Preparation for TEM of One-Dimensional 
anostructures 

s the reader may appreciate, all of the aforementioned 

echniques for nanomechanical testing require isolating an 

ndividual nanostructure in order to carry out the experi-

ent. Depending on the technique, the sample preparation 

aries in method and level of diffi culty. Here we survey the 

ifferent methods of sample preparation. Nafari et al. [  34  ]  

nd Costa et al. [  68  ]  have also recently reviewed some of the 

ethods described herein. Note also that we review here 

ome techniques that have been applied in other contexts 

side from in situ techniques but that are suitable for TEM 
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   Table  1.     Comparative summary of the loading mode, capabilities, resolution and throughput of several techniques for in-situ TEM mechanical 
and electromechanical testing of 1D nanostructures. Mechanical Properties are E: Elastic Modulus,  σ : Stress,  ε : Strain,  σ  f : Failure strength ,   ε  f : 
Failure strain. Electrical properties are: R: Resistance of specimen and contacts,  ρ : Resistivity of specimen. 

Method Loading mode Measurement Capabilities Electronic readout 

in-situ TEM

Force resolution Testing throughput

Mechanical Electrical

Resonance Bending E N/A No N/A High

   TEM/SPM

Nanoindenter based Compression/Tension E,  σ ,  ε ,  σ  f,   ε  f N/A Yes Sub  μ N Low

   TEM/STM Bending/Tension E,  ε ,  ε  f R Yes N/A High

   TEM/AFM Bending/Tension E,  σ ,  ε ,  σ  f,   ε  f R In some setups 15 nN [80] Medium

MEMS Compression/Tension E,  σ ,  ε ,  σ  f,   ε  f R,  ρ Yes 12 nN [81] Low

Straining grid Tension (not well 

controlled)

 ε ,  ε  f N/A No N/A High

Four-point grid N/A N/A R,  ρ No N/A Low
sample preparation for mechanical and electromechanical 

testing.  

 3.3.1. Random Sample Preparation 

 For techniques that use a nanomanipulator, tip or electrode 

to compress, stretch or resonate nanostructures, sample prep-

aration relies on sheer statistics. A large number of speci-

mens are prepared at the same time and a suitable sample 

is located in situ for the experiment. For carbon nanotubes, a 

carbon-nanotube-rich fi ber, bundle or buckypaper is directly 

attached to a metallic wire [  46  ,  47  ]  or using silver paint to ensure 

electrical contact. [  105–107  ]  A similar method consists of lightly 

rubbing a wire, previously dipped in silver paste, against 

carbon-nanotube powder. [  108–110  ]  This last method has also 

been used for boron nitride nanotubes, [  67  ,  111  ]  tungsten [  112  ]  and 

zinc oxide nanowires. [  78  ]  Alternatively, for the testing of GaN 

nanowires and InAs nanowhiskers a piece of the growth-

substrate was attached directly to one of the electrodes using 

silver paste. [  49  ,  113  ]  A caveat of this technique is that only 

nanostructures on the edges of the substrate are accessible 

because of unavoidable small misalignments in the mounting. 

This means that in order to preserve the nanostructures, 

proper care needs to be taken in the cutting of the substrate 

(cleaving is preferred). [  34  ]  

 Dielectrophoresis has also been used in order to obtain 

many specimens in a tip that is later attached to the sample 

holder. Here, an AC voltage is applied between two elec-

trodes while they are immersed in a solution containing the 

nanostructures, resulting in many of them sticking out of an 

electrode once the solution dries. This method has been used 

to prepare CNTs [  108  ]  and ZnO nanowires. [  114  ]    

 3.3.2. Nanomanipulation 

 We refer to nanomanipulation as the method where an indi-

vidual nanowire or nanotube is inspected and selected for 

testing, and later positioned on the testing stage. This tech-

nique was originally reported for positioning of nanowires 

in a MEMS stage for mechanical testing. [  81  ]  Here, we review 

the methods used to position individual nanostructures in the 

test stages using nanomanipulators either in situ or ex-situ 
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the TEM. We will digress into sample preparation methods 

that not necessarily target the TEM as a testing instrument 

because the techniques used to mount nanostructures on 

stages (even if they are not intended for TEM) can be appli-

cable to TEM if the stage itself can be incorporated in the 

TEM holder. 

 Two main manipulation targets — meaning the fi nal des-

tination of the nanostructure — can be identifi ed in the liter-

ature: Microfabricated stages or MEMS devices (which may 

or may not be used in situ the TEM) [  3  ,  29  ,  79  ,  82  ,  83  ,  94  ,  96  ]  or in situ 

TEM holders which have a tip holder. [  115  ]  

 Manipulation with a testing stage as target proves to be 

diffi cult, since the nanostructure has to be attached to two 

surfaces. Three stages are necessary: fi rst, a suitable nano-

structure source is prepared, second a nanostructure is 

selected and detached from the source with a nanomanipu-

lator and third, the manipulator is used to place the nano-

structure on the target set-up (See  Figure    7  a).  

 For the fi rst stage, most successful results are 

obtained when the nanostructures are deposited on TEM 

grids. [  3  ,  8  ,  29  ,  79  ,  82  ,  83  ]  They provide a suitable support structure 

while some portion of the nanostructure sticks out, allowing 

for manipulation. Nanostructures can be mass-placed in the 

TEM grid either by sonication followed by drop-casting, [  79  ]  

or by mechanical exfoliation, achieved by sliding half-cut 

TEM grids over the substrate or growth source. [  2  ,  8  ,  116  ]  

 After the nanostructures are in the grid, detachment 

of the selected specimen is performed. Typically, a very 

sharp tungsten tip is attached to a manipulator and then is 

approached to the nanostructure. Once contact is established, 

some form of attachment needs to be enforced in order 

to detach or break-off the nanostructure from the grid. It 

is desirable that the adhesion of the specimen to the tip is 

greater than what is to the grid. [  81  ,  94  ]  This may happen spon-

taneously depending on the materials and conditions of the 

sample and manipulator tip but more often Electron Beam 

Induced deposition (EBID) of an additional material is 

required. [  81  ]  This deposition can be either of residual hydro-

carbons in the SEM chamber, resulting in an amorphous 

carbon deposit, [  83  ]  or of other materials such as platinum, [  81  ]  

copper or tungsten. [  117  ]  After attachment of the specimen to 
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     Figure  7 .     Examples of current and potential sample preparation methods for in situ TEM testing. Figure a) illustrates the sequence of 
nanomanipulation, where a specimen is transported from a TEM grid to a testing stage with the aid of a nanomanipulator and metal deposition in 
situ SEM. See text for further details. All scale bars: 2  μ m. b) Illustrates in situ TEM specimen preparation, in this case of silicon nanowires. A tip 
and surface of the same material are brought together and then separated, forming a nanoscale specimen. Reprinted with permission. [  73  ]  Copyright 
2007, The Japan Society of Applied Physics. c) Illustrates a promising approach for improving testing throughput as yet not implemented for in situ 
TEM studies. The specimen is grown directly in the testing platforms which ensure good electrical contact and well-defi ned boundary conditions. 
Scale bar is 2  μ m. Reprinted by permission. [  22  ]  Copyright 2006, from Macmillan Publishers Ltd.  
the tip is achieved, detachment from the grid is attempted. 

This requires a careful retraction, or a controlled way of cut-

ting the specimen, for example by electron beam etching. [  2  ]  

Although focused ion beam (FIB) may be used to perform 

controlled cutting, its effect on the specimen may be detri-

mental and should be avoided. 

 Once the nanostructure is attached to the tip, the manipu-

lator is used to move the tip close to the testing set-up. Careful 

approach to the target is required, typically using the focus of 

the SEM to judge depth. By careful approach, one can assess 

contact when electrostatic attraction of the sample to the sur-

face of the testing set-up occurs. Once contact is established, 

the nanostructure may be detached from the nanomanipulator 

if the adhesion to the surface is greater than the adhesion to 

the tip-nanostructure weld. [  81  ,  94  ]  If this is not possible, EBID 

is used again followed by detachment of the tip. One of the 

most challenging aspects of this stage of nanomanipulation is 

judging depth and perspective based on the two-dimensional 

image of the SEM. A strategy to overcome this diffi culty is 

the patterning of guiding structures in the target. [  94  ]  

 The nanomanipulation technique may also be applied to 

mechanical testing of nanostructures in the SPM/TEM Setups. 

Most of these TEM holders that integrate a nanomanipu-

lator, have the advantage of possessing a detachable tip that 

can be used for sample preparation ex-situ. Indeed, Asthana 

et al. [  115  ,  118  ]  used a nanomanipulator inside a FIB system to 

pick a nanowire from the growth substrate and attach it to a 

tungsten probe, using Ion Beam Induced Deposition (IBID) of 

tungsten. After this, the tip is mounted on a STM/TEM-type in 

situ TEM holder. Under this methodology of preparation, ZnO 

nanobelts and titanium dioxide nanotubes [  118  ]  were tested.   

 3.3.3. Other Techniques 

 Other techniques have been used for TEM sample prepara-

tion. They include in situ sample preparation, and directed 
www.small-journal.com © 2012 Wiley-VCH Ve
growth or cofabrication of the nanostructure in the testing 

set-up. 

 For the fi rst method, samples are in situ prepared for 

testing using a combination of mechanical forces and adhe-

sion. Kizuka et al., [  74  ]  Luo et al., [  119  ]  and Moore et al. [  120  ]  used 

a nanomanipulator tip in situ TEM in order to press a sur-

face of the material of interest. Retraction of the tip causes 

pulling of the material in a nanowire shape that although not 

very well defi ned, is narrow, long and with very small dimen-

sions (See Figure  7 a). Silicon nanowires with extremely high 

fracture strains (30%), [  74  ]  superelongation (200%) of metallic 

glasses at room temperature [  119  ]  and superplastic (elonga-

tion 280%) salt nanowires [  120  ]  were demonstrated using this 

approach. The point contacts mentioned in section 2.2.2.3 are 

fabricated using this method. 

 Using a combination of the random dispersion method 

and in situ sample preparation, Lu et al. demonstrated cold-

welding of gold nanowires. [  121  ]  They started with ultrathin 

nanowires prepared by a chemical method, attached them to 

a nanomanipulator tip and to an opposing wire using methods 

similar to those outlined in section 2.3.1. When two of these 

ultrathin nanowires are brought into contact they cold-

weld together by applying pressures of less than 4.7 MPa, 

much lower than typical cold-welding of bulk metals. The 

welded nanowire does not have grain boundaries or addi-

tional defects and this was demonstrated by electrical and 

mechanical measurements where the current conduction was 

not affected by the welding, and the nanowires fractured in a 

different location far from the weld. Another type of attach-

ment mechanism is the amorphous carbon produced by con-

centrating the TEM beam in a very small area. [  122  ,  123  ]  

 In general, in-situ specimen preparation has demonstrated 

to be useful in order to test small sized samples ( < 10 nm) 

which are typically employed in testing fundamental phe-

nomena, such as quantized conduction. [  52  ]  However, the 
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technique is not amenable for testing batch-produced nano-

tubes or nanowires — used in the majority of demonstrations 

of new electronic devices — and therefore its applicability is 

limited. 

 Directed growth is an alternative for sample preparation 

where the nanostructure is cofabricated with the specimen or 

grown directly in the testing setup. It has advantages because 

it may lead to more robust boundary conditions of the 

specimen. Moreover, electron-beam-deposition processing 

steps are avoided, lessening the potential for sample con-

tamination. [  48  ]  In addition, there is the potential to improve 

throughput. Liu et al. [  48  ]  were able to growth tungsten oxide 

nanowires in tungsten tips. These tips were later used inside 

the TEM as one of the electrodes in the resonance tech-

nique. This technique was remarkable as they were able to 

test nanowires as small as 16 nm obtaining atomic resolu-

tion and characterization of the specimens under investiga-

tion. They discovered that the modulus of tungsten oxide 

nanowires increases as much as 300% for small samples. In 

a similar approach, but not in situ TEM, He and P. Yang [  22  ]  

(see Figure  7 c) grew sub-100 nm silicon nanowires between 

two separate platforms that were used to later uniaxially 

stretch the nanowires while measuring their current-voltage 

response, providing the fi rst evidence of size-dependent pie-

zoresistance of silicon nanowires. In both cases, TEM inspec-

tion of the samples was performed confi rming the suitability 

of the electrical (ohmic) and mechanical boundary con-

ditions (clamped). This setup was later used to carry out 

mechanical bending experiments using AFM. [  124  ]  Overall, 

although directed growth is an attractive approach, many 

challenges remain in order to be able to grow and test the 

full spectrum of materials (metallic, semiconducting, CNTs) 

in this fashion. The particular synthesis and processing con-

ditions will need to be investigated for each material and 

may confl ict with other parts of the microfabrication of the 

testing setup. 

 In terms of cofabricated samples, strictly speaking, one-

dimensional nanostructures have not been tested in situ TEM. 

Instead, only very thin fi lms of aluminum [  85  ,  87  ]  and silicon [  125  ]  

have been studied. However, advancements in the minimal 

sample dimension that is obtainable in this microfabrication 

top-down approach [  126  ]  may allow the testing of true one-

dimensional nanostructures in the near future.     

 4. Capabilities of In-Situ TEM Applied 
to One-Dimensional Nanostructures 

 It was mentioned in the introduction that TEM is the 

technique-of-choice in order to perform appropriate meas-

urements of the mechanical properties of nanowires and 

nanotubes. Up to this point we have given an overview of the 

experimental techniques and sample preparation methods 

that allow the testing of nanostructures in situ the TEM. In 

this section, we aim to illustrate with specifi c examples why 

TEM gives superior measurements of mechanical and elec-

tromechanical properties. 

 As mentioned before, high spatial resolution is the most 

obvious advantage of TEM since defects and atomic structure 
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can be identifi ed and correlated to the mechanical properties. 

Even at low magnifi cation, TEM can provide unique informa-

tion about the collective motion of defects, for example, the 

nucleation of multiple zones of dislocation activity in penta-

twinned silver nanowires. [  84  ]  At high magnifi cation, individual 

defects (point and extended), fracture surfaces and planes, 

among others, can be identifi ed. 

 However, TEM allows for a number of other analytical 

techniques, which coupled to its resolution allow the thorough 

characterization of one-dimensional nanostructures. In this 

section, we aim to illustrate examples where these extra capa-

bilities have played a role in determining the mechanical and 

electromechanical properties of 1D nanostructures. Clearly, 

nanostructure characterization in TEM has been carried out 

in several other cases, but we limit ourselves here to exam-

ples where it has been used in conjunction with mechanical 

or electromechanical testing.  

 4.1. High-Resolution TEM 

 High-resolution is, perhaps, the most clear advantage of TEM. 

As such, we aim in this section to provide a few case studies 

where the use of HRTEM was critical to obtain conclusions 

related to mechanical or electromechanical behavior. In par-

ticular, we highlight a few examples where the high resolu-

tion of TEM was directly linked to measurements leading to a 

structure-properties correlation. We fi rst present examples on 

mechanical and electromechanical characterization of nano-

tubes followed by studies on nanowires. The most prominent 

advantages of HRTEM in mechanical and electromechanical 

testing are the identifi cation of preexisting defects, the pre-

cise quantifi cation of load and the current or load-bearing 

area, and the imaging of the failure mechanisms with atomic 

resolution.  

 4.1.1. In situ HRTEM Testing of Nanotubes 

 The majority of in situ electromechanical TEM studies at 

high resolution have focused on carbon nanotubes. Fracture 

surfaces, kinks and their atomic structure under deforma-

tion have been reported. Here, we highlight studies in which 

a direct correlation was demonstrated between measured 

properties and high-resolution imaging. 

 In terms of mechanical properties, measurements of mod-

ulus, fracture strength, and elucidation of the fracture mecha-

nisms were achieved. One of the earliest examples was given 

by Poncharal et al. [  47  ]  They measured the elastic modulus of 

CNTs for several diameters using the electromechanical res-

onance method. It was reported that the elastic modulus for 

very thin CNTs agreed with theoretical estimates of 1 TPa 

while for diameters greater than 12 nm there was a sharp 

transition and the measured modulus dramatically decreased 

to around 100 GPa for larger diameters. However, HRTEM 

revealed that CNTs of larger diameter developed a waving/

rippling of the shells when they undergo large bending defor-

mation (see  Figure    8  a). This provided an explanation for the 

decrease in modulus for large diameters, as a result not of 

material-property degradation with size, but of a change in 

the deformation mode.  
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     Figure  8 .     HRTEM capabilities applied to several electromechanical characterizations of nanostructures. a) Observation of bending-induced kinking 
in multi-walled CNTs (MWCNT). Reprinted with permission. [  47  ]  Copyright 1999, AAAS. b) Identifi cation of number of shells fractured in a tensile test 
of a MWCNT. Reprinted with permission. [  3  ]  Copyright 2008, Nature Publishing Group. c) Shell-by-shell current-induced failure of MWCNTs. Reprinted 
with permission. [  63  ]  Copyright 2005, the American Physical Society. d) Observation of slip (indicated by an arrow) occurring as a precursor to failure 
in palladium nanocontacts. Reprinted with permission. [  72  ]  Copyright 2009, The Japan Society of Applied Physics. e) Identifi cation of fracture planes 
in GaN nanowires subjected to uniaxial compression. Reprinted with permission. [  59  ]  Copyright 2011, American Chemical Society.  
 More recently, Peng et al. [  3  ]  measured the fracture 

strength of multi-walled CNTs (MWCNTs) in situ TEM 

using a MEMS-based tensile testing device. Here, observa-

tion of the number of fractured shells in the nanotube was 

possible, providing an unambiguous and precise measure-

ment of the load-bearing cross-sectional area (see Figure  8 b). 

Sword-in-sheath failure was observed, in which fracture of 

only one (or in some cases a few) of the load-bearing shells 

of the MWCNT occurred. The number of fractured shells 

was found to increase when the MWCNTs were subjected 

to increasing doses of electron irradiation which introduced 

covalent crosslinking defects between shells. These fi nd-

ings proved the benefi ts of irradiation-induced cross-linking 

on the load-bearing capabilities of MWCNTs. In this case 

HRTEM observation of the number of fractured shells was 

a critical requirement for the accurate interpretation of the 

experimental data. 

 A similar study, this time carried out with a STM/TEM 

setup, demonstrated a sword-in-sheath fracture mechanisms 

for tungsten-disulfi de (WS 2 ) nanotubes. [  127  ]  In this work, the 

authors performed some of the testing in situ SEM which 

does not allow for the direct and unambiguous identifi ca-

tion of the failure mechanisms, thus exemplifying the contrast 

between TEM and SEM in terms of resolution and suitability 

of the techniques for mechanical testing of nanostructures. 

 Recently, Filleter et al. [  83  ]  carried out an in-situ TEM 

study on double-walled CNT (DWCNT) bundles. Again the 

direct observation of failure mechanisms of the bundles was 

critical in understanding the effect of electron irradiation 

dose. Here, by directly measuring the number of CNTs across 
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the diameter of the bundles, the effective modulus was accu-

rately determined and was found to increase by up to one 

order of magnitude (30–60 GPa to 693 GPa) at an optimal 

dose of 8.9  ±  0.3  ×  10 20  e/cm 2 . Moreover, a transition between 

sword-in-sheath and full cross-section failure was observed, 

demonstrating the benefi ts of crosslinking in promoting the 

full utilization of the CNTs at the bundle level. Likewise, the 

effective strength increased from 2–3 GPa to 17.1 GPa at a 

dose of 11.3  ±  0.3  ×  10 20  e/cm 2 . Such signifi cant improvement 

in mechanical performance at higher levels of hierarchy in 

CNT based materials, suggests promise in developing macro-

scopic materials that approach the exceptional properties of 

individual nanostructures. 

 In the context of electrical properties, a very compelling 

example of the power of HRTEM was provided by Huang 

et al. [  63  ]  They imaged the wall-by-wall breakdown of a 

MWCNT when a critical current density was applied to it 

(see Figure  8 c). Discrete jumps in the current through the 

MWCNT were directly correlated with one-by-one shell 

failure. Interestingly, they were able to establish that failure 

does not necessarily progresses from the outer to the inner 

shells but rather in an alternate way in which outer-to-inner 

and inner-to-outer breakdown sequences are possible. These 

fi ndings, which have only become possible by the direct vis-

ualization, provided by in-situ TEM, may have signifi cant 

implications on the use of CNTs in electronic devices.   

 4.1.2. In situ HRTEM of Crystalline Nanospecimens 

 Several electromechanical studies of crystalline nanospeci-

mens have been carried out in situ TEM, including nanowires 
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of metallic and semiconducting materials and point junctions 

in metallic specimens. Perhaps the most striking example 

of the use of HRTEM in electromechanical experiments is 

given by experiments using break junctions were specimens 

of atomic width have been tested. These types of specimens 

are fabricated by putting a tip in contact to an opposing sur-

face of the same material and carefully retracting the tip. A 

review of this work is given in, [  128  ]  here we present some rel-

evant examples. 

 In a classic paper, Ohnishi et al. [  52  ]  fabricated break junc-

tions of gold, and stretched the junctions so that the cross–

section was reduced by one row of atoms at a time. They 

simultaneously measured the conductance of the junction 

demonstrating that it is quantized by the unit conductance  G  0   =  

2 e  2 / h  where  e  is the electron charge and  h  is the Planck's 

constant. As the cross-section reduced by one row of atoms, 

the conductance reduced by one unit of  G 0  . Here, HRTEM 

was critical to establish the number of atomic rows present 

in the specimen. The width of the specimen was established 

by direct imaging because the crystalline structure allowed 

counting atomic rows. The depth of the specimen was esti-

mated from the gray intensity present in the images. 

 The majority of these experiments were carried out in 

a STM/TEM confi guration (see section 2.2.2) meaning that 

force was not measured; however, recently T. Kizuka and 

coworkers developed a TEM/AFM with real time measure-

ment capabilities, [  70  ]  which allows force measurements. With 

this setup they were able to test metallic and semiconducting 

specimens, specifi cally silicon wires of nanometer width, [  73  ,  74  ]  

and copper and palladium nanocontacts. [  71  ,  72  ]  In terms of 

HRTEM, their last work is very insightful in the sense that 

several domains (grains), few atoms wide, were directly 

imaged and their evolution, as a function of strain, was 

imaged. In particular, it was established that grain evolution 

was dominated by slip events (see Figure  8 d). The discrete 

nature of the events, where the slip distance is a multiple of 

the lattice constant, was captured. The fi nal stage consisted of 

a single crystal pillar, which failed in shear. This allowed the 

accurate measurement of the critically-resolved shear stress 

for palladium (0.3–0.4 GPa). 

 On the other hand, for nanospecimens synthesized by 

chemical methods such as nanowires, HRTEM has been used 

for establishing the cross-section of the specimens and for 

imaging the lattice distortions caused by mechanical defor-

mation. [  79  ]  TEM also enables accurate determination of the 

cross-section of the specimen [  49  ]  because it allows the dif-

ferentiation of the specimen’s atomic structure from surface 

contaminants, which in other imaging techniques may appear 

to be part of the specimen. Additionally, combined with dif-

fraction and a knowledge of the crystalline structure of the 

specimen material, the exact orientation of the specimen can 

be established. [  29  ]  

 In terms of the lattice distortion caused by applied strain, 

examples have been reported for SiC, [  45  ]  Si, [  103  ]  and GaN 

nanowires. [  59  ]  In all of these cases, imaging of individual dislo-

cations and measurement of the Burgers vector and circuit was 

possible. Furthermore, the evolution from pristine structure, to 

nanowires containing dislocations and leading to amorphiza-

tion or fracture (see Figure  8 e), was clearly observed.    
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 4.2. Diffraction 

 The different modes of diffraction in TEM give useful infor-

mation about crystal structure, lattice spacing and strain, and 

presence or nucleation of defects in the sample. In addition, 

TEM allows probing very small volumes enabling local meas-

urements within a nanostructure. In particular, selected-area 

electron diffraction (SAED) has a strain resolution of up to 

0.1%, [  129  ]  nano-beam electron diffraction (NBED) can probe 

an even smaller (few nanometers) region with 0.06% strain 

resolution [  129  ]  and convergent beam electron diffraction 

(CBED) provides 0.02% strain resolution. Diffraction also 

has advantages in terms of structural characterization and 

defect identifi cation. A diffraction pattern can reveal twining, 

phase changes and amorphization. Subtle defects that are dif-

fi cult to locate in bright-fi eld imaging (even at high resolu-

tion) like inversion domain boundaries (IBD) — important 

for correlation to piezoelectric response [  40  ]  — can be identi-

fi ed by comparing simulated and experimental results from 

CBED patterns. [  130  ]  

 Despite the various capabilities of diffraction in TEM, it 

has to date been used mostly for strain measurements and 

crystalline characterization in the mechanical testing of 

nanowires. However, it is a very promising in-situ approach to 

reveal novel electromechanical phenomena in future studies. 

 For the determination of strain, SAED has been used in 

the mechanical testing of nanowires and nanobelts. Agrawal 

et al. [  79  ]  acquired diffraction patterns of ZnO nanowires while 

they were uniaxially tensioned. The local strain obtained 

from diffraction was compared to the overall strain obtained 

from bright-fi eld measurements of the change in length of 

the gage region. The difference between the two strains 

was comparable to the experimental error, proving that the 

experimental setup imposed uniaxial-tensile boundary con-

ditions and that there was no slippage between the nanowire 

and the shuttles in the microsystem (see  Figure    9  a-c). Simi-

larly, Vaughn and Kordesch [  131  ]  used a TEM holder with an 

embedded manipulator to deform gallium oxide nanobelts 

and observed diffraction patterns as a function of deforma-

tion. They were able to measure the change in the  a  and 

 c  spacings of the monoclinic lattice with angstrom-scale 

precision.  

 On the other hand, Han et al. [  45  ]  performed SAED on 

the highly deformed parts of silicon carbide (SiC) nanowires, 

proving the amorphization of the nanowires, which took place 

at large strains. Halo-ring segments on the patterns revealed 

the development of amorphous regions in the sample and 

dark-fi eld-imaging allowed their visualization. In a similar 

fashion, Asthana et al. [  78  ]  observed the amorphization of 

ZnO nanowires under repeated bending loads. High resolu-

tion TEM images showed the deformation of the lattice and 

SAED patterns allowed the confi rmation of this amorphiza-

tion, as well as the nucleation of defects, evidenced by streaks 

and arc-like diffraction spots. 

 For CNTs, the chirality of the specimens under test can be 

determined using SAED [  3  ]  (See Figure  9 d-f). Intensity pro-

fi les of principal layer lines (l 1 , l 2 , l 2  in Figure  9 d-f), common 

in diffraction patterns of CNTs, are fi tted to Bessel functions, 

which order can then be related to the chiral index. [  132  ]  
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     Figure  9 .     Use of diffraction capabilities in the TEM to perform mechanical characterization. Figures a-c) correspond to uniaxial testing of ZnO 
nanowires. Figure a) shows the TEM image of the nanowire being pulled at two ends and its diffraction pattern. An intensity profi le along the 
indicated path is shown in b). The peaks indicate the position of the diffraction spot, which shifts by a reciprocal distance  δ  as a result of strain. 
Local strain can be computed from measurement of  δ . Comparison of this local strain with the average strain (c) allows discarding slippage effects 
in the grips of the tensile-testing device. Reprinted with permission. [  79  ]  Copyright 2008, American Chemical Society. Figures d-f) correspond to 
uniaxial testing of MWCNTs. Figure d) shows the HRTEM image of the fractured nanotube, while e) shows the corresponding diffraction pattern. 
The intensity profi le along I 1  (f) can be fi tted to Bessel functions and the chirality of the nanotube can be determined. Reprinted with permission. [  3  ]  
Copyright 2008, Nature Publishing Group.  
 Although not currently employed for in-situ electrome-

chanical characterization, emerging TEM diffraction tech-

niques are noteworthy because of their capability of localized 

probing. In particular, Diffraction Scanning Transmission 

Electron Microscopy (D-STEM), combined with precession 

electron microscopy, [  133  ,  134  ]  is capable of obtaining a diffrac-

tion pattern from an area as small as 3 nm in characteristic 

dimension. More interestingly, it has been automated so 

that many individual diffraction patterns can be obtained 

throughout the sample, in a pixel-by-pixel fashion. [  133  ]  Such 

high-resolution, automated mapping of crystalline structure 

has been used to characterize grain boundaries in copper 

interconnects as small as 70 nm, revealing the change in 

crystalline texture as interconnects are downscaled. [  134  ]  One 

can envision this technique employed for in-situ mechanical 

experiments both previous to the experiment, e.g. in order 

to fully characterize atomic structure before deformation, 

and during the test, in order to elucidate strain distributions 

and their effect on preexisting or engineered defects, e.g., 

coherent twin boundaries.   

 4.3. Analytical Techniques 

 The interaction of impinging electrons with atomic structures 

produces several sub-products and physical phenomena that 

are used for analytical purposes. Taking advantage of this, the 

TEM can be used to carry out spectroscopy and other types 

of analytical measurements. Using X-ray electron disper-

sive spectroscopy (EDS) elemental analysis of the specimen 
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can be carried out with a resolution of a few nanometers 

depending on the thickness of the sample. [  14  ]  Furthermore, 

electron energy loss spectroscopy (EELS) gives elemental 

information, as well as information on the bonding and thick-

ness of the sample. [  14  ]  The resolution of these techniques in 

the TEM is of particular relevance when nanostructures are 

tested, as local effects can be probed accurately. 

 In the framework of mechanical characterization, ana-

lytical TEM has been used to characterize the change in 

chemical bonding as a function of deformation, the diffusion 

of material within the specimen as it is strained, and to char-

acterize the shape and cross-sectional areas used to calculate 

stresses from measured forces. 

 In the context of chemical bonding studies, Aslam et al. [  109  ]  

analyzed the EELS spectra of single-walled carbon nanotube 

bundles as they were bent and buckled under compressive load. 

In particular, they investigated the dependence of the ratios 

of  π  and  σ  covalent bonding (represented by the peaks  π  ∗  and 

 σ  ∗  in the EELS spectra) as reversible and irreversible defor-

mation was imposed on the bundles. The ratio  π  ∗ /( π  ∗   +   σ  ∗ ) 

increased in reversible deformation showing that the overlap 

of the  σ  bonds decreased, created by the nonplanarity 

induced by the applied strain. When irreversible deformation 

was imposed and permanent defects were introduced in the 

bundle, the ratio  π  ∗ /( π  ∗   +   σ  ∗ ) decreased, revealing a decrease 

of the  π  bonding, resulting from non-hexagonal defects being 

introduced in the structure of the CNT. 

 In the same vein, Han et al. [  45  ]  analyzed EELS spectra 

of silicon carbide (SiC) nanowires in order to establish 

the appearance of an amorphous phase under large strain 
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     Figure  10 .     Examples of in situ TEM specimen modifi cation of samples and its potential application in mechanical problems. Figures a,b) illustrate 
the in situ irradiation of carbon-nanotube bundles. With a low irradiation dose (a) the fracture occurs at low effective-stress levels and in a 
sword-in-sheath mode. By increasing the electron irradiation (b) the load-carrying capacity of all the shells in the nanotubes is utilized, resulting 
in higher effective fracture strengths and a brittle-like failure. Adapted with permission. [  83  ]  Electron irradiation may also be used to selectively 
remove material in the specimen. Figures c) and d) show a silicon nanowire where letters and a dog bone shape have been patterned with the 
high-intensity electron beam in the TEM. These modifi cations could potentially be used in tensile testing and determination of stress-intensity 
factors at the nanoscale. Adapted with permission. [  122  ]   
plasticity. Comparing to EELS spectra of crystalline SiC, they 

demonstrated that the broadening of some peaks corresponds 

to the manifestation of an amorphous phase in the highly 

strained region of the nanowire. Further demonstration of 

this amorphous phase was established by diffraction studies. 

 The same group also applied the EELS and EDS tech-

niques to analyze the large-strain plasticity of silicon nanowires 

and demonstrated that oxygen diffusion did not drive this 

process. While straining the nanowire, several EELS spectra 

were taken across the diameter of the specimen. The results 

show that a silicon oxide layer (which natively covers the silicon 

nanowires) does not migrate to the center of the wire while it 

is strained. Complementary elemental EDS spectra showed 

similar results. This helped establish that large strain plasticity 

was, in fact, driven by dislocation nucleation, which led to a 

disordered atomic structure, and not by oxygen diffusion. 

 Filleter et al., [  83  ]  Bernal et al., [  29  ]  and Richter et al. [  135  ]  

used EELS thickness maps in order to obtain information 

about the cross section of the specimens under in-situ testing. 

Filleter et al. [  83  ]  applied this technique in the tensile testing of 

double-walled carbon nanotube bundles in order to establish 

their circular cross-section, therefore supporting the model 

applied for calculating stresses in the specimen. In a similar 

fashion, Bernal et al. [  29  ]  confi rmed the geometry used for cal-

culating stresses in GaN nanowires by comparing an EELS 

thickness map of the specimen to the expected thickness 

resulting from a polygonal-cross-section specimen. Richter 

et al. [  135  ]  used the same technique to establish the octagonal 

cross-section of copper nanowhiskers, although the tensile 

tests were not carried out in situ TEM.   

 4.4. In situ Specimen Modifi cation 

 Another advantage of in-situ TEM experiments is that in 

some cases the high-energy electron beam can also be used to 

advantageously modify the specimen under investigation in-

situ the TEM, followed by mechanical characterization. Due 

to the high resolution of the TEM and the precise control of 
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atomic modifi cations, new avenues are opened for the testing 

of mechanical systems based on nanostructures. 

 One of the most relevant examples is the use of elec-

tron irradiation to achieve covalent cross-linking of carbon 

nanotubes and shells inside multiwalled carbon nanotubes [  3  ]  

and carbon nanotube bundles [  83  ,  136  ]  ( Figure    10  a-b). The high-

energy electron beam induces knock-off of atoms in the 

nanotube shells creating structural and interstitial defects 

that link adjacent shells (in the case of a multiwalled tube) 

and adjacent nanotubes (in the case of nanotube bundles). 

As alluded to before, this in situ modifi cation has been shown 

to signifi cantly increase the effective strength and stiffness 

of these carbon materials opening an avenue for their most 

effective use in nanocomposites and macroscopic fi bers. [  17  ]  

Although many reports exist on the modifi cation of carbon 

based materials using electron irradiation, [  137  ]  the modifi ca-

tion of crystalline materials and the mechanical effects or 

irradiation on nanowires remains relatively unexplored.  

 Although mechanical tests were not carried out, an 

interesting example of nanowire modifi cation is given 

by Xu et al. [  122  ]  By focusing a 200 keV TEM beam in a 

few-nanometers spot they achieved current densities ranging 

from 10 3  to 10 6  A/cm 2  passing across the specimen. This 

was used to create a variety of very controlled shapes such 

as holes, letters, dogbone specimens and to generate welds 

between nanowires of several materials, namely, silicon, gold, 

copper, silver and tin (Figure  10 c-d). This type of technique 

may be useful to expand the possibilities of testing beyond 

the usual tension, compression and bending experiments. One 

can envision, for example, the creation of pre-cracked speci-

mens in order to compute stress intensity factors at the nano-

scale or to trigger failure at a certain location in the specimen 

while simultaneously performing high resolution imaging.    

 5. Summary and Outlook 

 In this review, we have illustrated how in situ TEM has played 

a fundamental role in the characterization of mechanical and 
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electromechanical properties and associated phenomena 

in one dimensional nanostructures. The unique atomic-

scale resolution, analytical, and spectroscopic capabili-

ties of TEM, combined with a variety of in-situ mechanical 

and electromechanical experimental setups has allowed 

the achievement of several milestones in the study of one-

dimensional nanostructures. Among the most relevant and 

impactful are the measurement of the elastic modulus [  47  ]  

strength [  3  ]  and superplasticity of CNTs, [  62  ]  the experimental 

observation of quantized conductance in atom-sized speci-

mens, [  52  ]  the identifi cation of size-scale effects in the elastic 

properties on nanowires [  29  ,  79  ]  and the measurements of 

room-temperature large-strain plasticity in silicon an silicon 

carbide nanowires. [  45  ,  103  ]  

 We have shown that the experimental setups have 

evolved in complexity, starting from relatively simple two-

electrode systems to produce resonance in nanostructures, to 

more sophisticated systems with in situ TEM manipulators 

to achieve nanostructure deformation, force measurements 

and electrical addressing, ending in complex lab-on-a-chip 

MEMS approaches, where nanoscale tensile and compres-

sive devices are used to impose and measure forces acting 

on the nanostructures. One pattern emerging is the compro-

mise that exists between experimental complexity and testing 

throughput. Although MEMS-based testing offers the best 

control of boundary conditions in a mechanical or electro-

mechanical test, sample preparation is more challenging and 

set-up complexity is greater, leading to a lower overall testing 

throughput. This explains the greater number of reports on 

nanostructure testing using the TEM/SPM approaches which, 

at the expense of sometimes compromising homogeneity of 

applied deformation (by inducing buckling or bending) allow 

the realization of more tests in less time. In the medium term, 

the appearance of more groups working on MEMS-based 

characterization and the development of new specimen prep-

aration techniques will most likely reverse this trend. Never-

theless, TEM/SPM will continue to be an important technique 

given the wide availability of commercial implementations, 

which lowers the entry-barrier for new researchers. 

 For all implementations, continuous instrumentation 

improvements are necessary to obtain better results. In the 

TEM, the CCD capture rate ( ∼ ms) is a limiting factor in car-

rying out experiments that require a higher sampling rate. 

Approaches such as beam defl ection to a segmented CCD [  36  ]  

have been implemented, but a limitation still exists to cap-

ture a large number of images in fast times. For the testing 

setups, achievement of true-displacement control in tensile 

testing may allow observing phenomena where sudden drops 

in the force-displacement behavior of the specimen occurs, 

such as phase transformations [  82  ]  and discrete dislocation 

yield events. [  138  ]  Additionally, electronic bandwidth, and its 

inverse correlation with drift and noise [  80  ]  can hinder the 

realization of dynamic experiments when nN-scale loads are 

measured electronically, or when nA currents and  μ V volt-

ages are passed through the specimen. For instance, assuming 

motion at 10% the speed of sound, the characteristic time 

of dislocation motion is of the order of 1–10 ns in a 100 nm 

nanowire. Although such bandwidth is reachable in conven-

tional electronic devices, high-speed measurements of the 
250 www.small-journal.com © 2012 Wiley-VCH Ve
smaller signals involved in the measurements of nN loads, 

would require specialized, on-chip, electronics. 

 A common challenge in all methods will continue to be the 

reduction of constraints, geometrical or of other kinds, so that 

the full capabilities of TEM can be employed in the testing of 

nanostructures. Double-tilting remains to be widely utilized 

which is illustrative of the still-untapped potential of TEM to 

discover more new phenomena in nanostructures. Inciden-

tally, TEM/SPM double-tilt holders have been very recently 

made commercially available. [  139  ]  Similarly, the development 

of new MEMS and TEM/SPM approaches which allow cou-

pled mechanical and electrical testing [  88  ,  96  ]  will likely shift 

the focus of this fi eld from purely mechanical tests, to studies 

which probe electromechanical phenomena such as piezoe-

lectricity and piezoresistivity of nanostructures. 

 Furthermore, we stress that merging of state-of-the-art 

TEM techniques with in-situ experiments will likely result 

in the discovery of previously unobserved phenomena. For 

example, techniques such as D-STEM with the capability of 

automated, localized crystalline characterization can prove 

critical to identify preexisting defects and strain distribu-

tions. Dynamic and ultrafast TEM [  35  ,  36  ]  (DTEM and UEM) 

could potentially be used to observe dislocation motion as a 

function of strain rate. High-strain-rate experiments in nano-

structures remain an unexplored area of research, even when 

presumably it is of high relevance given its infl uence on the 

deformation of some metallic systems [  56  ]  and the fact that 

mechanical and electromechanical applications for nanostruc-

tures will likely impose MHz or GHz cycling. [  1  ]  In this regard 

it should be noted that the current MEMS-based methods 

discussed herein, can in principle approach testing rates at 

least in the kHz regime. Furthermore, although bridging of 

spatial scales between nanostructure computational simula-

tions and experiments has been achieved to some extent, [  79  ,  84  ]  

the bridging of strain-rate will likely provide many insights 

into the suitability of the currently-used atomistic approaches 

for nanomaterial modeling, such as molecular dynamics.  
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