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In this Chapter a brief introduction is given to the 

phenomenon of electromigration. Special attention is paid to 

electromigration in thin conductors, i.e. nanowires that are used 

in modern-day integrated circuit industry. A description of main 

physical principles and causes of electromigration is given.  
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1.1. Introduction 

In advanced semiconductor electronic industry a modern chip 

contains a dense array of thin metallic wires that provide with the current 

transport between the different components of the chip [1]. These metallic 

wires are called interconnects. Due to continuous requirement of 

miniaturization for higher performance of modern integrated circuits, the 

density of on-chip interconnects increases and it requires a decrease in 

both interconnect width and thickness. However, when interconnects are 

reduced to nanoscale dimensions, the significant problem for the process 

and development of various nanoelectronic devices is the thinning down or 

failure of interconnects due to high current stress conditions and joule 

heating [2-4]. The underlying physical phenomenon is a gradual 

displacement of atoms, that eventually leads to thinning down or 

breakdown of conducting line due to applied electric field, which is called 

electromigration [5-7].  Electromigration leads to failures in nanoelectronic 

devices by inducing voids or hillocks, which are formed by the depletion and 

accumulation of metal atoms, respectively. A typical example of voids and 

Figure 1.1. SEM image of electromigration features in Al interconnect line 

section [8]. 

hillock formation in integrated circuit is presented in figure 1.1 [8]. The 

formation of voids in metallic line results in significant resistance increase 

leading to circuit parametric failure or open circuits. The hillock formation 

in interconnects can cause short circuits between adjacent interconnects 

depending on geometry and proximity of metal lines to each other. If the 

0.5 um 

https://en.wikipedia.org/wiki/Semiconductor_manufacturing
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operating temperature of integrated circuit is increased, the 

electromigration-induced mass transport in interconnects will be 

accelerated.  

In contrast to destructive influence of electromigration on 

nanoelectronics due to causing of  irreversible changes in wire’s geometry 

and microstructure which subsequently result in breakdown, it can be 

applied for controlled nanoscale modification of the wires. In a research field 

of nanofabrication, electromigration is utilized to produce nanogap 

electrodes – a pair of metallic electrodes with several nanometers (1-10nm) 

of separation [9-13]. A typical image of electromigrated nanogaps is shown 

in figure 1.2 [14]. Such nanogap devices are widely used in single molecule 

electronics for characterization of electronic properties of individual 

nanoparticles or  single molecules. 

 

Figure 1.2. TEM images of a typical electromigrated nanogap in Au on SiN 

membranes, obtained at lower (a) and higher magnification (b) [14]. 

Many parameters should be taken into account to characterize and 

explain the mechanisms of electrical failures under an applied electric field: 

the material of the wire, wire dimensions, microstructure, temperature and 

stress distribution. The variation of  these parameters over the wire can 

result in a non-uniform distribution of atomic flow and, consequently, it can 

lead to degradation of the wire. Thus, in order to understand the 

mechanisms of electrical breakdowns in various types of nanowires and 

correlate it with the structural properties of material, methods of precise 

observation and characterization of electrical transport properties of ten-

nanometre-scale wires are required. Hence, the possibility to perform in-situ 

a b 

http://www.lingvo-online.ru/en/Search/Translate/GlossaryItemExtraInfo?text=%d0%bd%d0%b5%d0%be%d0%b1%d1%80%d0%b0%d1%82%d0%b8%d0%bc%d1%8b%d0%b9&translation=irreversible&srcLang=ru&destLang=en
http://www.lingvo-online.ru/ru/Search/Translate/GlossaryItemExtraInfo?text=%d1%81%d0%bb%d0%b5%d0%b4%d0%be%d0%b2%d0%b0%d1%82%d0%b5%d0%bb%d1%8c%d0%bd%d0%be&translation=consequently&srcLang=ru&destLang=en
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electrical measurements combined with microscopy imaging techniques is 

of benefit for further development of micro-, nano- and molecular 

electronics. 

 In this thesis the main focus is on in situ study of 

electromigration-assisted breakdowns in various types of nanowires; 

therefore, a brief overview of fundamentals of this phenomenon is given 

below. 

1.2. Electromigration 

Originally, the first report on electromigration phenomenon was 

introduced over 100 years ago by a French scientist named Gerardin, 

who observed electromigration in molten alloys of lead-tin and mercury-

sodium [15]. However, the interest to this phenomenon increased only 

in 1960s when electromigration was first identified as a reliability problem 

in integrated circuits. In 1961, Huntington et al reported on current-

induced motion of surface scratches on bulk material [16, 17]. They 

concluded that the transport of thermally activated metal ions is governed 

by two opposing forces called “electron wind” force and direct force.  The 

first observation of electromigration in thin films was made by Blech [18]. 

One of the most important engineering studies was undertaken by Jim 

Black at Motorola in 1969 [19]. Investigations in this field were pioneered by 

a number of researchers throughout the semiconductor industry [20, 23]. 

At that time, the metal interconnects in integrates circuits were still about 

10 micrometres wide. Currently, the interconnects are tens of nanometers 

in width, which makes studies of electromigration incredibly important. 

1.2.1. Fundamentals of electromigration 

Electromigration is a process of material transport caused by the 

gradual displacement of ions in a conducting wire under the influence of an 

electric field.  

The net electromigration force (𝐹𝑛𝑒𝑡) exerted on a single metal ion 

consists of two opposing contributions: a direct force (𝐹𝑑𝑖𝑟𝑒𝑐𝑡 ) and a wind 
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force (𝐹𝑤𝑖𝑛𝑑). The direct force is an electrostatic force on a metal ion core 

under the influence of applied electric field. The direction and magnitude of 

this force is dependent on the charge of the ion core. The electron wind 

force is corresponded to the force on the ions due to electron scattering is in 

the direction of the electron flow. Thus, the total electromigration force 

(𝐹𝑑𝑖𝑟𝑒𝑐𝑡) can be written as [23-26]: 

𝐹𝑛𝑒𝑡 = 𝐹𝑑𝑖𝑟𝑒𝑐𝑡 + 𝐹𝑤𝑖𝑛𝑑 = (𝑍𝑑𝑖𝑟𝑒𝑐𝑡 + 𝑍𝑤𝑖𝑛𝑑)𝑒𝐸 = 𝑍∗𝑒𝐸                (1.1) 

where 𝑍𝑤𝑖𝑛𝑑  is the valence number which arises from the electron wind 

force, 𝑍𝑑𝑖𝑟𝑒𝑐𝑡  is the nominal valence of an ion, 𝑍∗ = 𝑍𝑑𝑖𝑟𝑒𝑐𝑡 + 𝑍𝑤𝑖𝑛𝑑  is called 

effective valence (or effective charge), 𝑒 is elementary charge and 𝐸 is the 

applied electric field. If the electron wind force prevails over the direct force, 

the effective charge is negative, which implies that atoms move in the 

direction of electron flow (figure 1.3). The rate at which atoms migrate 

depends on the local diffusion coefficient and is given by the Nernst-

Einstein equation [26]:    

      𝑣 =
𝐷𝐹𝑛𝑒𝑡

𝑘𝐵𝑇
=

𝐷𝑍∗𝑒𝐸

𝑘𝐵𝑇
,                     (1.2) 

where 𝐷 = 𝐷0 exp (
−𝐸𝑎

𝑘𝐵𝑇
)  is the atomic diffusion coefficient, 𝐷0  is diffusion 

constant, 𝐸𝑎  is the activation energy for diffusion, 𝑘𝐵  is the Boltzmann’s 

constant and 𝑇 is the temperature. 

 

Figure 1.3. A schematic illustration of the electron wind and direct forces acting 

on atoms during electromigration. 

The atomic flux due to electromigration is expressed by:  
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𝐽 = 𝑣𝑛 =
𝐷𝐹𝑛𝑒𝑡

𝑘𝐵𝑇
𝑛 =

𝐷𝑍∗𝑒𝐸

𝑘𝐵𝑇
𝑛 =

𝐷𝑍∗𝑒𝜌𝑗

𝑘𝐵𝑇
𝑛 ,                  (1.3) 

where 𝑛  is the atomic concentration, 𝜌  is the resistivity, 𝑗  is the current 

density. Electromigration is an activated diffusion process, so the rate and 

the flux of electromigration increases with increasing temperature. From 

(1.2) and (1.3) one can see that the sign of the effective valence determines 

the direction of atomic migration. Also, the atomic flux is directly 

proportional to the current density, resistivity and to the atomic diffusion 

coefficient. It means that the electromigration-induced material transport is 

a function of the atomic diffusivity paths (see figure 1.4).  

Mass transport in metal lines due to an applied electric field can 

occur through several possible diffusion paths (lattice diffusion, grain 

boundary diffusion, surface diffusion, pipe diffusion), so the total material 

transport is determined by the sum of the mass transport taking place 

along each of these paths [27, 28]. Typically, the material transport through 

these paths is considered by setting an effective diffusion coefficient. The 

effective diffusion coefficient is determined by the dominant diffusion 

mechanism (by the fastest diffusion path). The dominant diffusion 

mechanism depends on several factors, like the temperature, the 

microstructure and the quality of the interface between the metal and 

adjacent layers. Thus, lattice diffusion has the highest activation energy, 

being the slowest path for mass transport, while the activation energy for 

diffusion along grain boundaries and interfaces is lower. In general, 

surfaces have the lowest activation energy values, being the fastest                       

 

Figure 1.4. A schematic illustration of different diffusion paths for atoms 

moving during electromigration. The length of the arrows which indicate the 

possible diffusion paths shows the relative diffusion rate in each case. 

http://www.iue.tuwien.ac.at/phd/orio/node22.html#eq2:EM_flux_Nernst-Einstein
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diffusivity paths. As an example, in table 1.1. the typical temperature-

dependent values for diffusivity through different paths are shown for Cu 

and Al [29]. 

Material Diffusivities at 100°C 
(cm2/s) 

Diffusivities at 350°C 
(cm2/s) 

Cu DLattice = 7∙10-28 

DGrain boundary = 3∙10-15 

DSurface = 3∙10-12 

DLattice = 5∙10-17 

DGrain boundary = 1.2∙10-9 

DSurface = 10-8 

Al DLattice = 1.5∙10-19 

DGrain boundary = 6∙10-11 

DLattice = 10-11 

DGrain boundary = 5∙10-7 

Table 1.1. Diffusivity values for different diffusion paths in Cu and Al at 100 

and 350°C [29]. 

1.2.2. Electromigration-induced mechanical stress 

The depletion and accumulation of material at the sites of non-zero 

atomic flux divergence lead to a mechanical stress gradient in the metal 

wires. At the sites where material accumulates the stress is compressive, 

while at the sites of material depletion the stress is tensile. The atomic flux 

due to the stress gradient is opposite in direction to the electromigration 

atomic flux, counteracting the electromigration mass transport. This flux is 

therefore often referred to as an atomic backflow. It should be mentioned 

that the mechanical stress can also have components unrelated to 

electromigration atomic flux, such as difference in the thermal expansion 

rates of materials [30-33]. 

 Under certain conditions, the atomic flux due to the mechanical 

stress can fully compensate the atomic flux due to electromigration, 

preventing further breakage. The net atomic flux 𝐽𝑛𝑒𝑡 due to electromigration 

and mechanical stress can be expressed as: 

𝐽𝑛𝑒𝑡 = 𝑛
𝐷

𝑘𝐵𝑇
(𝛺

𝜕𝜎

𝜕𝑥
− 𝑍∗𝑒𝜌𝑗) ,                             (1.4) 

where 𝜎  is the mechanical stress, 𝛺  is the atomic volume, and 𝑥  is the 

distance along the wire. The steady state condition or “Blech Condition”  is 

established when the net atomic flux becomes zero: 
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        𝛺
𝜕𝜎

𝜕𝑥
= 𝑍∗𝑒𝜌𝑗.                                          (1.5) 

From equation (1.5) one can see that when the atomic backflow flux equals 

to the flux due to electromigration, the stress varies linearly along the line. 

Thus, if 𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑  is the maximum stress that the metallic line can 

withstand, a critical product (“Blech Product”) for electromigration failure 

can be written as: 

                          (𝑗𝐿)𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 =
𝛺(𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑−𝜎0)

𝑍∗𝑒𝜌
,                       (1.6) 

where 𝐿 is the wire length. If this product is less than a certain critical value 

electromigration will not be observed [34]. Thus, from equation (1.6) we see 

that for a given current density, a critical length of the wire (“Blech Length”) 

can be derived, so that if the wire is shorter than this “Blech length”, 

electromigration cannot be considered as a failure mechanism.  

1.2.3. Current-induced Joule heating in a nanowire 

When an electrical current passes through a conductor, the 

interaction of the electrons with lattice produces a thermal energy equal to 

the product of the square of the current and the resistance (𝑄 = 𝑗2𝜌, where 𝑗 

is the current density, 𝜌 is the resistivity). This is called Joule heating. If the 

current is low, the heat is effectively conducted away, but there must be 

some temperature increase even if it is not detectable. If the current density 

approaches 106A/cm2, Joule heating can produce enough energy to make 

the nanowires heat up considerably.  

 The rate of the nanowire failure due to electromigration depends 

on the temperature. The temperature, in turn, depends on the balance 

between net energy input from current flowing through the wire and the 

energy loss rate to surroundings. For our samples we can consider a model 

with a nanowire connected to two electrodes representing heatsinks. The 

temperature distribution can be obtained by solving Poisson’s equation [35]: 

   𝑘
𝑑2𝑇

𝑑𝑥2 − 𝛽𝑇 + 𝑗2𝜌 = 0,                                    (1.7)        
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where the first term in this equation is Fourier heat conduction due to the 

temperature gradient, 𝑘 is the thermal conductivity of a wire, the second 

term represent the heat conduction between the nanowire and the 

substrate, where 𝛽 =
𝑘𝑠

𝑡𝑤𝑡𝑠
, 𝑘𝑠 is the thermal conductivity of the substrate, 𝑡𝑤 

and 𝑡𝑠 are the thickness of the wire and the substrate, respectively, the last 

term is the Joule heat. It should be mentioned that in this simple model of 

heat dissipation in a nanowire we made several assumptions: the heat flow 

is one-dimensional and along the “x” axis; the dimensions of contacts are 

much larger than of the nanowire, which means that the current density in 

the contacts is several orders of magnitude smaller in comparison with the 

nanowire, so the heat generation term within the contacts is neglected; 

there are no localised points of higher resistance within the wire than the 

surroundings; the resistance of the wire does not change with the 

temperature; the current density is described by a step function. From 

equation (1.7) it can be concluded that: the temperature profile has a 

maximum at the centre of the nanowire. Since the hotter parts of the 

nanowire experience greater thermomechanical compressive stress, the 

thermal stress is the greatest at the centre. If the electrical current flows in 

a material with a temperature gradient, a thermoelectrical effect (Thomson 

effect) can take place [36]. It can lead to a shift of the temperature peak in 

the nanowire depending on the direction of electric current. This effect is 

more significant in semiconductors [37, 38]. 

1.2.4. Median time to failure and accelerated electromigration 

experiments 

J. R. Black was the first to derive an empirical expression for 

calculating the median time to failure (MTF) for a wire due to 

electromigration [19]:  

   𝑀𝑇𝐹 =
𝐴

𝑗2 exp (
𝐸𝑎

𝑘𝐵𝑇
),                                   (1.8) 

 where 𝐴  is a constant depending on the material properties (geometry, 

diffusion constant, etc.), 𝑗 is the current density, 𝑇 is the temperature,  𝐸𝑎 is 

the electromigration activation energy, 𝑘𝐵 is Boltzmann constant. As can be 

seen from Black’s equation (1.8), the lifetime of wires is inversely 
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proportional to the current density squared and scales inverse exponentially 

with the temperature. Electromigration experiments on material 

degradation are often conducted in a way to obtain the necessary 

information about failure mechanism in a reasonable time frame [39]. In 

this thesis in situ TEM experiments on electromigration studies were 

performed in accelerated regime, where the current density was 

intentionally increased to minimize the experiment time to several minutes.   
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Thesis Outline 

This thesis consists of seven Chapters. Chapter 1 gives a brief 

introduction to electromigration phenomenon in thin conductors that are 

used in modern-day integrated circuit industry. A description of main 

physical principles and causes of electromigration is given. Chapter 2 

presents an overview of the experimental techniques used in this thesis. It 

gives a short introduction to a method of transmission electron microscopy 

(TEM), an overview of clean room sample fabrication for in situ TEM studies 

and a description of experimental setup for in situ experiments. In Chapter 3 

we present a new clean room fabrication technique (called back side 

lithography technique) that provides smooth and uniform electron viewing 

transparent windows at certain locations on a SiN membrane which is usually 

used in MEMS-based chips for in situ TEM experiments. Also, one of the 

possible applications of back side lithography technique is shown. In Chapter 

4 the electrical properties of segments of tapered InAs nanowires (NWs) are 

investigated by in situ TEM with simultaneous I–V measurements using good 

ohmic contacts. Also, the electrical breakdowns in situ TEM of individual InAs 

NWs are studied. It is showed that when the current is strongly increased, a 

breakdown of the NW occurs close to the cathode side, whereby the main 

changes are an electromigration of In and a sublimation of As. The possible 

mechanism for the breakdown process is proposed. In Chapter 5 we present 

in situ TEM, scanning TEM (STEM) and TEM holography experiments on 

controlled electrical breakdowns of InAs NWs while simultaneously recording 

the I–V properties. We show that, by selecting the voltage and the rate of 

voltage ramp in breakdown experiments, it is possible to modify the geometry 

of the nanowire by forming a thin bridge at a curtain segment of the 

nanowire. Moreover, the location of this bridge in the nanowire can be 

changed under a change of electrode polarity. We show that the formed bridge 

can be placed at a specific location by an accurate choice of voltage value and 

voltage polarity in the experiments. Using EDX technique it is concluded that 

the composition of the bridge and the adjoined parts of the NW are similar. 
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From TEM holography data the local variations of the resistance in the 

nanowire are analyzed. A possible mechanism of electrical breakdown in InAs 

NWs is given. Chapter 6 presents an in situ TEM visualization of 

electromigration-induced nanogap formation in AuPd nanowires. The 

electromigration is performed in two modes: a bias ramping (BRE) mode and 

feedback control mode (FCE). We show that the mechanism of nanogap 

formation differs between these two modes due to the different program 

algorithms of voltage applying. Also, the time stability of electromigrated 

nanogaps obtained by both techniques and the changes in the shapes of 

electrodes and the sizes of the nanogaps are analyzed.  In Chapter 7 we 

present in situ TEM formation of a single-crystalline bismuth film on an 

amorphous substrate. We show that thin polycrystalline Bi films can be 

modified into [111]-oriented monocrystalline films by in situ TEM heating and 

electron-beam bombardment with the energy of electrons 300 keV, whereby a 

unique feature is that the original thickness of the film is maintained. The 

single-crystalline area is created by heating the film close to the melting 

temperature and using an electron beam to achieve local melting. The film 

thickness is maintained by confining it with SiN on one side and with 

bismuth oxide or Al2O3 on the other side.  Also, we show that bismuth films 

behave differently if no capping Bi-oxide layer is present, a configuration in 

which dewetting takes place and the film collapses when heated under similar 

conditions. 
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The experimental techniques used in this thesis are briefly 

described in this Chapter. In the first section an introduction is 

given to a method of transmission electron microscopy (TEM). In 

the second section an overview of clean room processing of 

chip/sample fabrication for in situ TEM studies is presented. In 

the third section an experimental setup for in situ experiments is 

described.   
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2.1. Experimental methods 

Throughout the studies presented in this thesis, methods of 

transmission electron microscopy and spectroscopy techniques were 

used. This chapter gives a brief overview of these techniques. 

2.1.1. Transmission Electron Microscopy (TEM)i 

Brief historical overview 

In 1925 Louis de Broglie theorized the wave-like behaviour of 

electrons [5]. Later, in 1927 two independent research groups performed 

electron-diffraction experiments, which confirmed the wave nature of 

electrons. Then, in 1932 Max Knoll and Ernst Ruska brought the idea of 

electron lenses into a practical reality and introduced their first electron 

microscope [6]. For this invention Ernst Ruska was awarded the Nobel Prize 

in Physics in 1986 [7]. Later, in 1939, Siemens and Halske started the 

production of commercial TEMs in Germany. Also TEMs became available 

from other well-known today companies as JEOL, Hitachi and Philips. For 

material scientists a most important development took place in the late  

1940s when Heidenreich [8, 9] and later Bollman [10] and Hirsh developed 

the techniques for thinning metal foils to electron transparency. Also, the 

development of theory of electron-diffraction contrast in Cambridge allowed 

to material scientists to identify all known line and planar defects from TEM 

images.  

Today TEM is one of the most efficient and versatile tool for 

material characterization on atomic scale. The achievement in correction of 

spherical aberration has pushed the resolution of modern TEMs to well 

below 1 Å barrier [11]. With such an advanced TEMs it is possible to 

investigate nanoscale sized samples and easily visualise the arrangements 

of atomic column in crystalline materials. A technique allowing an atomic 

visualization is called high resolution TEM (HRTEM) technique. Another well 

                                                      

 

i Most of the text in this section has been adapted from references [1-4]  
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used sophisticated TEM techniques are scanning transmission electron 

microscopy (STEM), high-resolution STEM and analytical electron 

microscopy (AEM). Combination of these TEM techniques allows to 

characterize the materials entirely, providing with information on 

modulations in chemical identity on atomic level, crystal orientation, 

electronic structure and sample induced electron phase shift as well as the 

absorption based imaging. 

Basics of transmission electron microscopy 

Transmission electron microscopy is a  technique in which a high-

energy electron beam is transmitted through an ultra-thin specimen, 

interacting with the specimen resulting in an image. The image is magnified 

and focused onto an imaging device, such as a fluorescent screen or 

detected by a sensor such as a CCD camera.  

The main components of a transmission electron microscope are 

the illumination system, the objective lens/holder stage and the imaging 

system. A main part of the illumination system is an electron gun, which 

produces and accelerates a beam of electrons to an energy in the range 20-

1000 keV due to high tension. Modern TEMs are equipped with a field 

emission gun since this type of source produces an electron beam that is 

smaller in diameter and more coherent, provides with a greater current 

density or electron-optical brightness and stability of the beam in 

comparison with W- and LaB6-filament sources. Table 2.1 shows the 

comparison of operating parameters for different types of electron sources 

[12]. Then, the electron beam passes through a system of condenser lenses 

before it reaches the sample: the first strong magnetic lens (condenser lens 

C1) that forms a virtual source of the gun, the second and the third 

magnetic lenses (condenser lenses C2 and C3) serve to allow the diameter of 

illumination at the specimen to be varied continuously over a wide range 

and to make a parallel or converged electron beam. The first mode is used 

primarily for TEM imaging and selected area diffraction (SAD), while the 

second is used mainly for scanning (STEM) imaging, analysis via X-ray and 

electron spectrometry, and convergent beam electron diffraction (CBED). 

Further, the electron beam passes through a thin foil of material (specimen) 

https://en.wikipedia.org/wiki/Focus_(optics)
https://en.wikipedia.org/wiki/Fluorescent
https://en.wikipedia.org/wiki/CCD_camera
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 Table 2.1. Operating parameters of different  types of electron source: φ is the 

work function, T is the temperature, E is the electric field, Je is the current 

density and β is the electron-optical brightness; ds is the effective (or virtual) 

source diameter, and ΔE is the energy spread of the emitted electrons [12]. 

which results in the electron wave at the back exit-face of the specimen 

containing information about crystal potential.  The objective lens takes the 

electrons emerging from the exit surface of the specimen, disperses them to 

create a DP in the back-focal plane, and recombines them to form an image 

in the image plane. The imaging system (the intermediate and projector 

lenses) serves to magnify the image or the DP produced by the objective lens 

and to focus these on the viewing screen or computer display via a detector, 

CCD, or TV camera. A schematic diagram showing the main parts of the 

microscope can be seen in figure 2.1. Below we will discuss the main 

operational modes of TEM used in this thesis. 

Diffraction and Image formation in TEM 

 The TEM specimen (thin foils, small nanoparticles and etc.) 

transparent for the electron beam is placed in the objective lens, which 

forms an image of the electron density distribution at the exit surface of the 

specimen based on the electron optical principles. A diffraction pattern is 

formed in the back focal plane of the objective lens and the 
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Figure 2.1. A typical TEM (on the left) and a schematic diagram (on the right) 

showing the main parts of TEM [13]. 

recombination of the diffracted beams forms an image in the image plane of 

the objective lens. The diffraction, intermediate and projection lenses which 

are placed below the objective lens are used to focus and magnify either the 

diffraction pattern or the image onto a fluorescent screen, which converts 

the electrons into visible light signal or CCD camera. The scheme of 

diffraction and imaging operation modes are illustrated in figure 2.2 (a) and 

(b) respectively. 

 

 



Experimental techniques 

 

22 

 

 

 Figure 2.2. Schematic illustration of diffraction and imaging modes in TEM. 

In diffraction mode a selected area aperture serves to select an 

specimen area of interest in order to obtain a diffraction pattern from a local 

region. Depending on the size of the aperture, the area of the sample from 

which the diffraction pattern is obtained can be controlled. The diffraction 

mode allows to reveal whether a material is amorphous, polycrystalline or 

single-crystal. For a single crystal diffraction pattern consists of spots 

distanced away from the central (nondiffracted) spot by 
1

𝑑ℎ𝑘𝑙
, where 𝑑ℎ𝑘𝑙  is 

the interplanar spacing between hkl planes.  If the sample is polycrystalline 

with randomly oriented individual crystals, the diffraction pattern 

represents rings of constant radius. For nanocrystalline materials with a 

small crystal size, the diffraction pattern will consist of more continuous 

rings. Amorphous materials do not contain long-range order in the atomic 

lattice and produce diffuse ring diffraction patterns with no discrete 

reflections. As an example, diffraction patterns of single crystalline, 

polycrystalline and amorphous materials are shown in figure 2.3. Therefore, 

selected area diffraction can be used to identify the crystallographic 

structure, symmetry, and orientation of selected area in the specimen; 
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measure the lattice parameter or identify if more than one phase is present 

[14-16].   

 

Figure 2.3. Typical electron diffraction patterns of (a) a single crystal, (b) 

polycrystalline sample [17] and (c) amorphous materials [18]. 

In image mode, when diffraction pattern is produced, by insertion 

of objective aperture (5-70 μm in diameter) in the back focal plane of 

objective lens (where the diffraction pattern is formed), the diffraction spots 

can be selected and different types of images can be obtained depending on 

which diffraction spot contributes to the image. When the objective aperture 

is positioned to intercept all diffracted beams and only allow the central 

beam (or primary beam) to form an image. A bright-field image (BF-image) is 

produced. Alternatively, when the objective aperture is displaced from the 

optic axis to intercept the central beam and allow a certain diffracted beam 

to contribute to the image, the displaced aperture dark field image is 

formed. This type of image is of a poor quality because the additional 

spherical aberration and astigmatism present when the electron path is not 

close to the optic axis. To retain the resolution of the BF mode, the electron 

beam incident on the specimen can be tilted so that the diffracted electrons 

travel along the optical axis. This technique is called centred dark field 

imaging and the image obtained by this technique is called dark-field image 

(DF-image). Using these techniques the detailed information about various 

structural defects in the specimen can be obtained [19, 21]. A schematic 

illustration of the formation of BF- and DF-images is presented in figure 2.4 

[21]. 

a b c 
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Figure 2.4. Ray diagrams showing how the objective lens and objective aperture 

are used in combination to produce a BF image (left image) formed from the 

direct electron beam, a displaced-aperture DF image (middle image) formed with 

a specific off-axis scattered beam, and a centred DF image (right image) where 

the incident beam is tilted so that the scattered beam emerges on the optic axis. 

The area of the DP selected by the objective aperture, as seen on the viewing 

screen, is shown below each ray diagram [21].  

In image mode, TEM can be operated under a variety of contrast 

mechanisms. The term “contrast” is defined as a difference in intensity 

between two adjacent areas. TEM image contrast arises because of the 

scattering of the incident beam by the specimen. As the electron wave 

traverses the specimen, it can change both its amplitude and its phase, 

which results in phase contrast and amplitude contrast (mass-thickness 

contrast and diffraction contrast) [22, 23]. 

Mass-thickness contrast arises from incoherent elastic scattering of 

electrons. The electrons passing through the specimen will be scattered off 

axis by elastic nuclear interaction, also called Rutherford scattering. 

Because elastic scattering is a strong function of the atomic number as well 

as the thickness of the specimen, regions of a specimen with high mass will 

scatter more electrons than regions with low mass of the same thickness. 
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Similarly, thicker regions will scatter more electrons than thinner regions. 

In the TEM the mass-thickness contrast is affected by the size of the 

objective aperture and the accelerating voltage. Smaller apertures will 

increase the difference in the ratio of scattered and transmitted electrons 

and as a consequence will increase the contrast between regions of different 

thickness or mass. Lowering the accelerating voltage will lead to similar 

effect since the scattering angle and the cross section increase which also 

will cause increase in the relative contrast between higher mass and lower 

mass regions. Mass-thickness contrast is present in all kinds of specimens 

– crystalline or amorphous, but is most important for non-crystalline, 

amorphous materials as glasses. Also, it is the primary imaging mechanism 

in biological TEM applications. Schematic illustration of the mechanism of 

mass contrast formation is presented in figure 2.5 (a) [24]. Figure 2.5 (b) 

shows BF-TEM image of a silica particle supported on a carbon foil as an 

example for pure thickness contrast [25].  

 

Figure 2.5. (a) Mechanism of mass-thickness contrast in a BF image [24]. (b) 

BF-TEM image of a SiO2 particle on a holey carbon foil [25]. 

If the specimen is crystalline, another type of amplitude contrast 

plays a role – diffraction contrast. It arises from coherent elastic scattering 

of electrons, where the scattering occurs at Bragg angles (Bragg scattering) 

from certain crystallographic planes that are oriented closely parallel to the 

electron beam. As described above, the insertion of objective aperture into 

the back focal plane of the objective lens can result in two BF or DF imaging 

b a 



Experimental techniques 

 

26 

 

mode depending on selected diffraction spot. In BF images the dark 

contrast regions is produced from areas that are aligned for Bragg 

diffraction. If the electrons have been diffracted by a specific set of hkl 

planes, in DF imaging the area that appears bright is the area where this 

hkl planes are at the Bragg condition. In case of single crystalline material, 

for a good diffraction contrast, the sample can be tilted such that only one 

diffracted beam is excited in addition to the central transmitted beam. This 

is referred to as a two-beam condition.  This type of contrast allows 

observation of various linear and planar defects (dislocations, stacking 

faults, grain boundaries, etc.) in the crystals, analysis of their nature and 

type. Several examples of diffraction contrast are shown in figure 2.6. 

 

Figure 2.6. Several examples of diffraction contrast: (a) cross-sectional TEM DF-

image image reveals misfit dislocations generated in GaAsxP1-x compositionally 

step graded layers grown by metal organic chemical vapor deposition on Si [26]; 

(b) BF TEM image of 2D square arrays consisting of cubic FexO/CoFe2O4 

core/shell nanoparticles [27]; Cross-sectional DF TEM image (g=220) of 

SiGe/Si(001) interface [28].  

Another type of contrast which can be well produced in TEM is 

phase contrast. The difference between phase contrast and diffraction 

contrast is the number of electron beams collected by the objective 

aperture. Phase contrast is formed due to the interference of multiple 

beams at the exit of the specimen resulting in a series of sinusoidal 

oscillations in intensity, normal to the diffracting vector g and of periodicity 

1/g. Under these conditions, atomic-resolution lattice images can be 

obtained. This technique of obtaining atomic-resolution images is called 

high-resolution transmission electron microscopy (HRTEM). Currently, with 

a b c 
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the introduction of spherical-aberration correctors, point-to-point 

resolutions of 0.5 Å is possible. 

2.1.2. Scanning Transmission Electron Microscopy (STEM) 

Another type of TEM operation is scanning TEM (STEM) [29-33]. In 

STEM mode, a fine, convergent electron beam (electron probe) produced by 

a FEG and two condenser lenses is focused on the specimen and using 

double deflection scan coils it is scanned over a thin specimen (typical 

probe size is 0.05 to 0.2 nm). In STEM mode the role of objective aperture is 

performed by electron detectors to select transmitted or diffracted electrons. 

There are two principal types of electron detectors - bright-field (BF) and 

dark-field (DF) STEM detectors. The BF detector is located on the optical 

axis, where it captures the directed electrons. The DF detector represents a 

disk with a hole, also located on the optical axis, and detects scattered 

electrons. Among the dark-field detectors, the most commonly used is the 

high-angle annular dark-field (HAADF) detector that captures electrons that 

are incoherently elastically scattered (Rutherford scattering) inelastically 

scattered (thermal diffusive scattering) to higher angles (figure 2.7). 

Therefore, using  HAADF detector while imaging in STEM mode, it is 

possible to visualise the lattice with Z-contrast (atomic number contrast). It 

is understood that the images collected from beams elastically scattered at 

higher angles (50 – 150 mrad) show a dependency on the atomic number 

approximately as Z1.7.  Since there is no coherency between the high angle 

scattered beams which are collected on an annular detector, in a high 

resolution STEM (HRSTEM) image obtained with a HAADF detector, the 

intensities from individual scattering centres (atoms) along the beam path 

can be added enabling a direct interpretation of atom types and positions. 

Also, it is possible to visualize either diffraction contrast or thickness 

contrast of the sample (which is not influenced by elastically scattered 

electrons that contribute to diffraction contrast) by means of changing the 

camera length. Combination of all these imaging techniques can provide 

with complete morphological and structural information of a specimen at 

the atomic scale. Particularly with an aberration-corrected STEM, this 

technique is capable of identifying atomic resolution changes in 
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composition. This capability is of great interest to study surface and 

interfacial segregation of elements as well as atomic variations in 

composition in nanostructures. 

 

Figure 2.7. Schematic illustration of STEM mode [32]. 

 

2.1.3. Elemental Analysis: Energy Dispersive X-ray Spectroscopy 

A significant advantage of TEM studies is the combination of the 

imaging techniques with the other generated signals to analyse the 

chemistry of the specimens. This type of TEM is called analytical TEM and 

the study is called microanalysis in TEM. Most of the modern TEMs are 

equipped to perform STEM along with energy dispersive X-ray spectroscopy 

(EDX) as well as electron energy loss spectroscopy (EELS) and energy 

filtered transmission electron microscopy (EFTEM). Part of the studies in 

this thesis was done using EDX spectroscopy and a brief overview of this 

technique is given below.  

EDX spectroscopy method is a powerful technique of qualitative 

and quantitative chemical characterization of material in TEM. This 
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technique is based on the fact that in atom electrons occupy different 

energy levels (binding energies) represented with K, L, M  and etc. shells 

(figure 2.8). The difference in energy between these electron shells is 

characteristic for each element. In TEM a highly accelerated beam of 

electrons can interact with the electrons of atoms in TEM sample by 

exciting and kicking out them from their inner atomic shells, an electron 

from outer shell falls to the inner shell releasing an energy as an X-ray 

photon. Several characteristic X-rays can be generated from a single 

element depending on which inner shell an electron is kicked out and from 

which outer shell an electron falls to the inner shell (labelled with Kα, Lα 

and Kβ in Figure 2.8). The emitted X-ray photons are collected using special 

detectors and plots of X-ray counts versus X-ray energy are generated. 

From the intensities of the peaks corresponding to specific elements, it is 

possible to quantify and estimate the elemental composition of a specimen 

[33].  

The quantitative information of elements present in the sample is 

estimated from the relation between the weight fraction and generated 

intensities (ionisation cross-section), given by the Cliff-Lorimer method: for 

two elements ( 𝐴  and 𝐵 ) the intensities of these elements in the EDX 

spectrum ( 𝐼𝐴  and 𝐼𝐵 ) are proportional to the weight fraction of these 

elements (𝑊𝐴 and 𝑊𝐵) with the Cliff-Lorimer factor (𝐾𝐴𝐵):   

 

Figure 2.8. Schematic illustration showing X-ray generation by an atom in TEM 

sample due to interaction with an electron beam.  
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𝑊𝐴

𝑊𝐵
= 𝐾𝐴𝐵

𝐼𝐴

𝐼𝐵
 .                     (2.1) 

Note that the effects of fluorescence and absorption can be neglected since a 

TEM specimen is quite thin.  

2.2. Sample fabrication 

In this section we present the description of fabrication process of 

the chips which we produced in Kavli Nanolab Delft and used for in-situ 

TEM studies presented in this thesis. According to the process flow the chip 

fabrication can be divided into two main parts:  

 fabrication of silicon chips with thin, free-standing silicon nitride 

membranes (windows and markers); 

 fabrication of either electrical contacts or nanobridges together with 

electrical contacts on top of free-standing silicon nitride windows.  

We start with a 400 μm-thick silicon wafer polished from both 

sides. Using low-pressure chemical vapour deposition (LPCVD) 100-nm 

thick low-stress silicon nitride (SiNx) layers are grown on both sides of the 

silicon wafer. Then, in order to protect the wafer before dicing into 14x14 

mm2 squares it is coated with AZ5214 resit by spin coater with the rotation 

speed of 1000 rotation per minute (rpm) on both sides and for each side the 

resist is baked for 20 minutes at 110°C. After dicing each square substrate 

14x14 mm2 (further substrate) is cleaned in fuming nitric acid for 10-15 

minutes, rinsed with water to remove acid residues and dried. We start the 

fabrication of free-standing SiNx-windows and markers onto these 

substrate. The detailed procedure of this fabrication part is shown in the 

following steps in figure 2.9. First, the prepared substrate (figure 2.9 (a)) is 

spin coated with a 500 nm-thick positive resist and baked (see figure 2.9 (b) 

and table 2.1 for additional information on type of resist and baking 

conditions). At this step we use just one resist layer because structures are 

coarse, high accuracy and consideration of proximity effects are not 

required. Then, an electron beam lithography (EBL) process step is 

performed: the substrate is exposed to a scanning electron beam (EB) 

generated by a 5000+ Leica pattern generator (figure 2.9 (c)). The layout file 

of the patterns for electron beam lithography is created with Layout 
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BEAMER software. E-beam exposure results in changes of physico-chemical 

structure of the positive resist so that the exposed areas become high 

developer-soluble. Next, to open the e-beam written structures the resist 

development process is done in solution of methyl isobutyl ketone(MIBK) 

and isopropyl alcohol (IPA) with the ratio MIBK:IPA=1:3 during 70 seconds 

and to stop the development process the substrate is kept in IPA for 50 

seconds, then nitrogen gun is applied to dry the substrate (figure 2.9 (d)). 

The opened SiNx layers are removed by an anisotropic low-pressure reactive 

ion etching (RIE) in a Leybold  RIE etcher system using CHF3/Ar gases with 

Figure 2.9. Schematic illustration of fabrication process of silicon substrates 

with thin, free-standing silicon nitride membranes (windows and markers) (see 

the description in the text). 
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gas flow 25/25 standard cubic centimetres per minute (sccm), chamber 

pressure 8 µbar and forward power 50 W. For this conditions the etching 

rate is 20 nm/min and this process takes 5 minutes (figure 2.9 (e)). The 

remaining resist is removed by washing in hot acetone at 52°C for 30 

minutes. Then, to remove any residue it is rinsed in IPA and dried (figure 

2.9 (f)). Finally, KOH wet etching is done to remove silicon from the areas 

which are not SiNx-covered. For KOH etching we use 33%-KOH solution 

heated to 85°C (for these parameters the etch rate is 100μm/hour 

approximately). After KOH-etching the substrates are cleaned first with 

water, washed by acetone, IPA and dried (figure 2.9 (g)). Thus, substrates 

with markers and thin, free-standing SiNx-windows are ready for the second 

part of fabrication process.  

Schematic illustration of the second fabrication part is presented in 

figure 2.10. The second part of chip preparation can  include fabrication of: 

1. only electrical contacts on top of transparent SiNx-windows (to be 

used for electrical measurements of semiconductor nanowires as 

described in Chapter 4 of this thesis); 

2. metallic nanobridges together with electrical contacts on top of 

SiNx-windows (corresponding experiments are described in Chapter 

6). 

For fabrication of electrical contacts the substrate (figure 2.10 (a)) 

is coated with two types of positive resist; each layer of resist is baked (see 

figure 2.10 (b) and Table 2.1). Using mixed layers improves the sensitivity 

and thermal stability of the resist. Using one EBL process the pattern of 

electrical contacts is generated with 20 nm- and 100 nm-resolution for fine 

and coarse areas of contact pads respectively (figure 2.10 (c)). After resist 

development (see figure 2.10 (d)) the structures are open and subsrate is 

ready for deposition of metal film (Au or Pt) for electrical contacts. The 

deposition is performed using Temescal FC-2000 electron beam evaporator. 

For electrical contacts we usually deposit 5 nm-thick Cr as an adhesion 

layer with the rate 0.5 Å/sec and 95 nm-thick Au (or Pt) layer with the rate 

1.5 Å/sec (figure 2.10 (e)). The deposition is directly followed by a lift off 

procedure in hot acetone (52°C) for 30 minutes (figure 2.10 (f)). After rinsing 

with IPA and drying, the substrate is cleaved into eight 3x3 mm2 chips with 

diamond pen for further out-of-clean room manipulations.  
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In principle, the fabrication of metallic nanobridges with contacts is 

the same as fabrication of only electrical contacts described above, the only 

difference is an additional step of spin coating, EBL, metal deposition and 

lift off procedure. The additional step is required because the material of 

nanobridges is usually different than of electrical contacts; the thickness of 

nanobridges used in our studies is 15-20 nm; the total thickness of the 

resist layers is less; for nanobridges EBL process is performed with 5-10 nm 

resolution.  

The EBL patterns for fabrication of electrical contacts and metallic 

nanobridges with contacts are shown in figure 2.11.   

 

Figure 2.10. Schematic illustration showing fabrication process of structures on 

top of SiNx-windows – electrical contacts or metallic nanobridges together with 

electrical contacts. For fabrication of metallic bridges with contacts the 

additional steps (b)-(f) are required (see the description in the text). 
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Figure 2.11. EBL-patterns designed in L-Edit software. (a) A design for 

14x14 mm2 substrate. One substrate contains eight 3x3 mm2 chips. (b) 3x3 

mm2 chip which can be designed for fabrication of either electrical contacts (c) or 

nanobridges with contacts (d). (e) Enlarged area of (d) showing nanobridges 

(presented in red colour) and Au (Pt) contacts (blue colour). 

Fabrication 

step 

Resist type and spinning 

parameters 
Baking parameters 

SiNx-windows 

and markers 

Resist type: PMMA 950k1, 7% in 

anisole2; 

Thickness: 500 nm; 

Spinning parameters: 5000 rpm, 55 

sec 

Temperature: 

175°C; 

Time: 60 minutes 

Electrical 

contacts  

PMMA/MMA3 (17.5%), 8% in Ethyl-L-

Lactate; 300 nm; 3000 rpm, 55 sec. 

PMMA 950k, 4% in anisole; 250 nm; 

3000 rpm, 55 sec. 

175°C, 20 minutes; 

175°C, 30 minutes. 

a b 

c d e 
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Nanobridges  

PMMA/MMA (17.5%), 8% in Ethyl-L-

Lactate; 300 nm; 3000 rpm, 55 sec. 

PMMA 950k, 3% in anisole; 130 nm; 

3000 rpm, 55 sec. 

175°C, 15 minutes; 

175°C, 30 minutes. 

Table 2.1. Overview of resist types, spin coating parameters and baking 

conditions.  

1 PMMA (polymethyl methacrylate) is most commonly used positive e-

beam resist containing long polymer chains of carbon atoms and comes in 

different molecular weights. The two standard PMMA resists are 495k 

and 950k. PMMA provides high contrast and high resolution structures. 

2 Anisol is a solvent for PMMA. (Usually, PMMA come in a form of 

powder. This powder is dissolved in anisol to obtain the desired 

concentration). 

3 MMA is methyl methacrylate; the use for MMA/PMMA bilayers is for 

good lift-off of metallic structures.   

2.3. Measurement setup 

2.3.1. In situ TEM  

In situ TEM is a powerful technique for the field of material 

science since it allows direct observation of the dynamic response of a 

material to applied external conditions such as electrical bias [34, 35], 

heating [36, 37], reactive environment interaction [38], etc. in the real 

time. Moreover, in situ TEM experiments can provide new knowledge 

and deep understanding of physico-chemical mechanisms occurring in 

material at the nanoscale. Unique capabilities of in situ TEM 

experiments are the result of combination of both state-of-art TEM 

microscopes and advanced TEM-holders developed for various external 

stimuli. In this thesis in situ TEM experiments were performed using a 

FEI Titan microscope operating at 300 keV. 
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2.3.2. Holders for in situ TEM measurements 

Electrical measurements 

A built-in-house holder used for in situ TEM electrical 

measurements in this thesis allows voltage/current stressing to modify a 

sample in a controlled, desired way in situ TEM. To apply bias this holder 

contains eight separate electrical lines passing from the tip through the 

holder to an electrical connector. The lines are air tight and allow the 

electrical measurements to be performed inside the microscope. The holder 

is presented in figure 2.12. Al2O3 chip carriers are used to connect a chip 

containing the sample to TEM-holder. To fix a chip onto an Al2O3 chip 

carrier conductive tape is used and to provide the electrical connection 

between chip and holder, the standard wire-bonding technique is applied.  

 

Figure 2.12. (a) TEM-holder for in situ electrical measurements. (b) Enlarged 

area of (a) showing the tip of the holder with loaded chip-like sample connected 

to Al2O3 carrier. 

Heating experiments 

Heating experiments in this thesis were carried out using built-

in-house heating holder and MEMS-based heating chips. The tip of the 

holder contains four fixed electrical wires (pins), which are placed on 

four contact pads of MEMS based heater (figure 2.13). (see the details 

of preparation of MEMS-based heating chips in [40]). The electrical 

wires pass through the holder to the connector which is plugged in to 

the heating controller box. The heating control software allows to set a 

desired temperature. 

a 

b 
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Figure 2.13. The tip of the heating holder and MEMS-based heating chip. 

Also, it is possible to conduct the combined in situ TEM 

electrical and heating experiments. It can be done using either heating 

holder with additional two wires for voltage applying and corresponding 

MEMS-based heating chips (six contact pads, two of them are for 

electrical measurements) or holder for electrical measurements where 

the MEMS-based heating chip with six contact pads is wire-bonded to 

Al2O3 chip carrier (see figure 2.14). The application of this type of 

experiments is discussed in Chapter 3. 

 

Figure 2.14. The tip of the combined heating and biasing double tilt 

TEM holder. 

2.3.3. Setup for electrical measurements 

The setup that enables electrical measurements is shown in 

figure 2.15 and includes several main parts – IVVI rack, Matrix module, 

ADwin-GOLD module connected to computer.  The built-in-house 

measurement electronics setup IVVI rack (designed by R. Schouten, TU 

Delft [41]) contains several modules: voltage sources, current sources, 
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current-voltage converters, and voltage amplifiers. All these modules 

are set in a shielded rack. The system allows to send/receive electrical 

signals to/from the chip containing a sample and engineered to reduce 

external influences such as noise and interference signals. The holder 

is connected via cable to a matrix box. ADwin-GOLD [42] serves to 

connect IVVI rack with computer to operate the experiment All circuits 

connected to the measurement setup are battery-operated and isolated. 

 

Figure 2.15. Setup for electrical measurements. 
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Back side lithography technique 

for transmission electron 
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The developments in microfabrication techniques and applications into 

the specific fields such as in situ TEM studies enables new type of experiments 

that leads to better quality of high-resolution images of metals, semiconductors or 

biomaterials. In this Chapter we presented new developed fabrication technique 

that provide smooth and uniform electron viewing transparent windows at certain 

locations on a SiN-membrane. This technique is especially applied to MEMS-based 

heating chips that enable to observe real time changes on materials with 

respective to temperature effect with an accuracy of less than 1°C degree.  
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3.1. Introduction 

Micro-electro-mechanical system (MEMS) is a technology where 

mechanical and electronic systems are miniaturized by the techniques of 

microfabrication. MEMS devices can be simple with stable elements, or can 

be very complex electromechanical systems with moving elements under the 

control of integrated microelectronic components. MEMS devices such as 

micro-sensors and micro-actuators have possible applications in 

communication [1], medicine and biology [2].  

MEMS-based devices are also used in transmission electron 

microscopy (TEM) studies. In MEMS-based heating holders, the heater is 

connected to four electrical connections that allow measurement of the 

resistance for temperature determination and heating. The big advantage of 

these heaters is that the heat produced is much lower than with the 

conventional heating holders (about 100 times less) [3]. MEMS-based 

heaters are presently used for in situ TEM studies, such as morphological 

transformations of gold nanoparticles [4], sculpting of graphene [5], gas 

nanoreactors [6], thermal stability of nanoparticles [7].  

Our MEMS-based heaters and biasing devices are fabricated on a 

silicon (Si) substrate. In order to obtain an electron transparency we need to 

realise less than 20 nm-thick amorphous “windows”. Mostly we use silicon 

nitride (SiN) for this purpose, but other materials such as SiO2, SiC, Al2O3 

can be also used. The requirement to the SiN windows is that they have to 

be amorphous, have a uniform thickness and the target thickness of a few 

nanometres. In our process it is done by etching of thick SiN membranes up 

to silicon followed by a deposition of thin SiN layer. SiN growth can be 

controlled with more accuracy than SiN etching. However, this procedure 

has one big disadvantage: the thin windows are located on the bottom side 

of the thick SiN membrane (see figure 3.1), meaning that the SiN window is 

in a deep hole compare to the top surface of the membrane. For example, 

such deep-hole shaped windows cannot be used for liquid in situ 

experiments. Thus, a local removal of SiN material from the backside is 

needed. A similar requirement for backside material removal is occurred for 

biasing in situ TEM experiments, in which the thin SiN membrane is only 

needed at certain locations, for example, where a metal nanobridge is 
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fabricated and where we would like to remove the SiN locally from 

underneath the part of nanobridge. In this geometry, the membrane is still 

strong enough to withstand mechanical forces, such as deformation due to 

Joule heating of the bridge, whereas the SiN is completely or partially 

removed below the nanobridge.   

 

Figure 3.1. (a) Full size of heater chips including the thick and thin SiN 

membranes and also platinum coils as a heater material, (b) magnified area of 

the membrane with thin electron transparent viewing windows (orange line, ~20 

nm) that are located on the bottom side of the thick SiN membrane. 

Performing a backside lithography is impossible with the 

conventional set-up of lithography system using a mask, since the backside 

of the membrane is at the bottom of a KOH-etched silicon wafer and 300-

500 µm deep hole, whereas the mask should be in the contact with the 

surface to be patterned and the lens of the electron beam lithography 

requires at most 100 µm distance to the sample, and can be considered as 

the focus problem. 

In this Chapter we show that one can expose an electron beam 

resist, which is spray coated on the backside of the SiN window, with an 

electron beam from the topside of the SiN membrane and, thus, through the 

SiN membrane and the structure on top of this membrane. In this geometry 

the focus problem is solved, since both a mask as well as the lens of the 

EBPG can be brought in close enough distance. Also, we show a possible 

application of backside lithography in in situ TEM experiments. 
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3.2. Experimental 

Fabrication of the MEMS-based heaters consists of different main 

steps such as deposition, lithography, and dry etching. We start with 300-

500 µm thick silicon wafer and deposit 200 nm-thick SiN with low pressure 

chemical vapour deposition (LPCVD) technique as an isolation layer 

between the metal and Si substrate. Heaters are made of Tantalum 

(Ta)/Platinum (Pt) metal layers with thicknesses of ~ 20/180 nm 

respectively, deposited by electron beam evaporation technique and etched 

by ion etcher. The second step of LPCVD of SiN is performed and the heater 

is embedded in a 400 nm-thick SiN. The SiN membrane structures are 

obtained with KOH-etching of Si. Later, the wafer is diced and cleaned in 

order to obtain single chips and each of them is cleaned.  

Next, electron beam resist (PMMA:PGMEA:MEK) is sprayed on the 

backside of the chips with an EVG101 spray coater. The main challenge of 

this spray coating technique is to obtain the uniform resist layer on the 

backside of SiN membranes due to the depth 300-500 µm of the KOH-

etched “hole” in the Si substrate (see figure 3.2). After several spray coating 

tests, the best uniformity is occurred for 7 layers of spray coated resist with 

a spin rate of 500 rpm and cured on hot plate at 175°C after each layer of 

resist coating. This recipe results in a resist with a thickness of 

approximately 12 µm-PMMA layer .  

The pattern is written in a resist from the top site of the chip by 

exposure of electron beam through the 400 nm-thick SiN membrane with a 

Leica 5000+ e-beam system. To thin down a SiN membrane at certain 

locations with high precision, Pt markers are used for alignment with an 

accuracy of 20 nm. To expose the backside resist from the top of the chip, 

the dose of electron beam has to be sufficient to write a pattern with 

designed dimensions through 400 nm-thick SiN layer. To write a pattern we 

used the dose of  2500 μC/cm2 and the beam step size of 100 nm. After 

resist development the pattern is transferred to the SiN layer using reactive 

ion etching (RIE) technique in Argon (Ar) and CHF3-based plasma with 

anisotropic etching from the backside of the chip. The etching rate and time 

are critical to obtain a required thickness of the SiN in the thinning down 

process. During etching process step the SiN thickness is controlled by 
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color inspection of SiN membrane in optical microscope and comparison 

with LPCVD SiN color chart. After etching the resist is removed by PRS-

3000 (positive resist removal) and oxygen plasma. Described above 

fabrication steps are a part of the main removal of SiN from the back side. 

According to application purpose of backside lithography technique, 

additional fabrication steps might be required. One of the possible in situ 

TEM application is discussed in Application part of this Chapter. 

 

Figure 3.2. Schematic illustration showing the fabrication process of the hole 

opening from the backside. (a) Spray coating of e-beam resist 

(PMMA:PGMEA:MEK) from the backside of the chip, (b) e-beam lithography and 

development, (c) etching of the SiN from the backside by RIE technique to thin it 

down to requires thickness, (d) after removal of the resist by PRS-3000 (positive 

resist stripper). 

3.3. Applications 

In this application example we use the back side lithography 

technique to fabricate metallic nanobridges with a configuration close to 

free standing on top of heating chips in order to subsequently shape them 

into metallic nanoelectrodes separated with a nanogap of several 

nanometers (1-10 nm) by in situ electrical measurements in TEM. The 

interest to fabrication of these nanogap electrodes on top of heaters is based 

on the feasibility of performing TEM characterization of nanospecies trapped 

in between the nanoelectrodes such as low-dimensional nanocrystals, 

phase change nanoparticles or individual molecules, while applying heating, 

voltage or both voltage and heating simultaneously. Nanoelectrodes can be 

fabricated by different techniques, such as mechanical break junction [8], 
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electron-beam lithography [9], electromigration [10] and shadow mask 

evaporation technique [11]. In most cases the metal structure is on top of a 

SiN substrate, and the electrical measurements are not hindered by the 

substrate. However, for structural characterization of nanogap formation or 

nanocrystal transformation while applying electrical or heating conditions, 

TEM is the best technique, but it requires preferably a free-standing metal 

nanobridge or at most a very thin SiN-substrate that is not thicker than a 

few nanometers, because a thick support leads to a too noisy background, 

which does not allow atomic resolution imaging of the gap and species (like 

molecules or small particles) in the gap. An additional advantage to use 

heating chips as a base for other following fabrication processes is that it 

allows to prevent the e-beam-induced carbon contamination while imaging 

with TEM by heating up to 120-140°C during the in situ visualization. Here 

we present a formation of nanogap electrode using a feedback controlled 

electromigration (FCE) technique in situ TEM in gold nanobridges fabricated 

onto MEMS-based heaters. 

   A schematic illustration of MEMS-based heater with a flat 400-

nm thick SiN centre is shown in figure 3.3 (a). In order to fabricate thin SiN 

windows the backside lithography technique was applied as described in 

Section 3.2 of this Chapter and a pattern of SiN windows with a diameter of 

5 μm was produced in the centre of Pt heating coil using e-beam writing 

through the membrane. After development of e-beam resist the pattern was 

transferred to SiN layer and RIE was applied from the backside of MEMS-

based heaters to thin down this patterned areas of SiN membrane to 50 nm. 

Schematically it is shown in figure 3.3 (b). Gold bridges with a length of 700 

nm, width of 250 nm and 20 nm-thick were produced on top of 50 nm-thick 

SiN area using e-beam lithography followed by electron beam evaporation 

from the gold source. Contact pads to bridges were placed by the second 

step of e-beam lithography followed by the metal evaporation of a 250 nm-

thick layer of Au on a 5 nm-thick adhesion layer of Cr. The configuration of 

fabricated device is schematically presented in figure 3.3 (c). In order to 

reduce the thickness of SiN in the location of Au nanobridge, SiN was 

etched from the backside of MEMS-based heater using RIE technique. Since 

the thickness of SiN under the nanobridge is 50 nm, we used a RIE recipe 



Chapter 3 

 

49 

 

with CHF3 and O2 gases with a flow ratio of 50 sscm and 2.5 sscm 

respectively.  

 

Figure 3.3. (a) Schematic illustration of MEMS-based heater with a flat 400-nm 

thick SiN centre. Pt heating coil is drawn by green colour and 400 nm-thick SiN 

is illustrated by blue colour. (b) Central part of the heating coil showing a 50-

nm-thick SiN window with 5 μm in diameter illustrated by purple color. (c) The 

configuration of fabricated device onto 50-nm-thick SiN window containing 20-

nm-thick Au nanobridge (orange colour) and 200-nm-thick gold contact pads 

(yellow color).  

The MEMS-based heater with Au nanobridge was placed into built-

in-house holder containing six contacts, which allows to combine heating 

experiments and electrical measurements. Four contacts are usually used 

to heat the spiral through the heating controller box. Electrical 

measurements are done by applying voltage to another two contacts. The 

holder was connected to electrical measurement setup as described in 

section 2.3.3 of Chapter 2. The heater spiral was calibrated with a 

pyrometer before heating. The FCE process in Au nanobridges was 

investigated by in situ TEM using a FEI Titan microscope operating at 

300 keV. In FCE mode the bridge conductance is constantly monitored 

while the voltage is ramping up. If there is a sudden decrease in 

conductance, the FCE mechanism reduces the voltage to zero or to a lower 

value. The process starts again after a new reference conductance is 

defined. The program stops when a pre-defined conductance value is 

reached. To avoid the influence of carbon contamination on bridge 

resistance forming during illumination by electron beam the 
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electromigration experiments were performed at T=120°C. It results in zero 

conductivity value after the bridge breaks.  

 Figure 3.4 shows snapshots of a typical in situ TEM movie recorded 

during the experiment on the nanogap formation in gold nanobridges by 

electromigration. The initial view of the bridge before the electrical 

measurements is shown in figure 3.4 (a). When the current is passed 

through the bridge, we observe a slight grain growth prior to 

electromigration. The grain growth is occurring due to the temperature rise 

in the bridge caused by current-induced Joule-heating. In figure 3.4 (b) the 

bridge starts to thin close to the cathode side forming a bottleneck. When 

the electromigration is observed, the current density is about 7×107 A/cm2. 

To indicate the direction of electrons and, thus, the electrode polarity, the 

blue arrows are drawn in the images (cathode side (–) and anode side (+)). In 

the last stage of electromigration a tiny constriction forms as shown in 

figure 3.4 (c) and the following narrowing is continued at low voltage values 

which is around 200 mV. As a result, a nanogap electrode is produced 

(Figure 3.4 (d)). The initial size of the formed nanogap is about 2-3 nm and 

it increases to 5-6 nm during continuous illumination by the electron beam 

within several seconds. Figure 3.4 (e) is TEM image acquired at higher 

magnification and shows the final configuration of the nanogap with the 

size of 5.26 nm which does not change at least after several minutes of 

electron beam irradiation. At the moment when the nanogap electrode is 

initially formed, the tips of the electrodes are sharp. However, after several 

seconds when the gap size increases, the shape of the tips of electrodes 

become more smooth which is likely due to surface tension of Au. This 

observation is in agreement with the previous reports of Zandbergen [12] on 

continued relaxation of Au nanogaps formed by electron beam 

bombardment even after the intense irradiation is completed, also with the 

report of Strachan et al. [13] on the evolution of Au nanogap electrodes. A 

typical I–V curve of FCE process in Au nanobridges is shown in figure 3.4 

(f). 

As can be seen in figure 3.4 (d), just a very thin layer of SiN 

remains around the nanogap. According to standard fabrication methods of 

nanogaps on top of SiN membranes with the thicknesses of 100 nm [14], 

our technique allows to fabricate nanogap electrodes with very thin SiN 
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layer beneath it (1-3 nm). These devices can be used for further experiments 

as synchronous electrical, heating and structural characterization of low-

dimensional systems such as nanocrystals and individual molecules. 

 

 

Figure 3.4. Snapshots taken from in situ TEM movie recorded during FBC 

electromigration process in gold nanobridge. (a) The original gold bridge. (b)-(c) 

TEM images showing formation of nanogap in gold bridge during FBC 

electromigration. (d) TEM image acquired after bridge breakdown; arrows 

indicate the areas with a very thin (1-3 nm) SiN layer. (e) Enlarged area of (d) 

showing gold electrodes separated with 5.26 nm nanogap. (f) A current-voltage 

curve of FCE electromigration process. 

3.4. Discussions and Conclusions 

We have shown that it is possible to expose the electron beam 

resist through a thick membrane in MEMS-base heaters. This opens the 

manufacturing for a new type of geometry in which one can control the 

flatness of the top side of the thin film membrane at certain locations. This 

is important for applications such as electromigration in metals and 

semiconductors, reducing the noise for DNA translocation experiments 

f 

5.26 nm 
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where the SiN windows have to be on top side of the membrane. Therefore, 

a new fabrication technique is used which is so called back side lithography 

with exposure from top that enables to obtain thin SiN viewing windows on 

the top of the membrane and which is presented in the fabrication part of 

this Chapter. The presented application in this Chapter is one of several 

frontier projects where we have applied this new fabrication technique. 

Moreover, having thin SiN electron transparent window on the top of the 

membrane has advantages for in situ liquid cell studies, environmental 

studies, battery studies of some materials and etc., since it offers flat 

surface on the top that enables smooth liquid flow for liquid cell studies and 

controllable lift off materials after deposition. Compared to light optical 

lithography, electron beam lithography allows one to obtain smaller 

structures with a high accuracy of the required dimensions. The back side 

lithography fabrication and its application in the nanogap electrode 

formation in gold by FCE electromigration technique are promising evidence 

for the future possible applications.  
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4.1. Introduction 

Semiconductor nanowires (NWs) have attracted much interest due to 

their outstanding properties as building blocks in nanoelectronic devices [1–

3]. InAs NWs with a relatively small band gap and a high electron mobility are 

considered very interesting for high performance electronic devices. 

Obviously, high stability of these NWs is required if they are to be used. 

Electrical characterizations of NWs have been made mostly by making 

metallic contacts in a top-down approach [4–6] and sometimes by in situ TEM 

making contact on one side of the NWs with an STM tip [4, 7–12]. Several 

mechanisms are reported for the onset of the breakdown due to a high 

current: compositional changes or decomposition due to heating, and 

electromigration. A limitation of the electrical measurements using an STM tip 

to make contact to one side of the NW is that the quality of the electrical 

contact with the NW is not known and often not ohmic. This can lead to 

wrong values for the I–V properties [13] and strong heating of the NW close to 

this contact. 

In this chapter we present an in situ TEM investigation of the 

electrical properties as well as breakdown of tapered InAs NWs using a 

homemade in situ TEM holder and samples with good ohmic contacts between 

the NW and the electrodes. The electrical resistivity is constant ∼10−2 Ω·cm for 

NWs with diameters larger than 120 nm. The breakdown was found to arise 

from the combined effect of electric field and Joule heating. 

4.2. Method 

Tapered InAs NWs were fabricated on an InP substrate using a 

metalorganic vapour phase epitaxy method. Details are given in [5] and [14]. 

These NWs were mounted on a special MEMS device used for the in situ TEM 

measurements combining TEM with electrical measurements, see figures 4.1 

(a) and (b). The MEMS device contains electrodes deposited on a silicon 

nitride membrane with a 5 nm Cr layer for adhesion. The 95 nm thick Au 

electrodes have a width of 1 μm and spacings of 4 μm. For unobstructed TEM 
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Figure 4.1. (a) Scheme of chip for in situ electrical measurements. A tapered NW is 

connected to four electrodes on a SiN membrane. Slits are made in the membrane, 

allowing unobstructed TEM imaging of the NWs suspended over these slits. (b) 

Bright field TEM image of NW with Pt contacts as black areas. (c) HRTEM image 

showing the ∼2 nm oxidation layer. (d) Electrical resistivity data with different 

diameters (Δ-this paper, o-literature [5]). (e) Plot of the critical voltage for the start 

of breakdown versus diameter. (f) Plot of log10(jc) versus diameter, where jc is the 

critical current density for breakdown in the scale of A∙cm−2. 
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imaging, 1.5 μm ×5μm gaps were created in the SiN between the Au 

electrodes using a FIB (FEI DualBeam Strata DB235). A relatively large gap 

length was applied to ensure that no stray currents can flow through e-beam 

induced contamination on the SiN. Next, a single tapered NW was selected 

and transferred onto the silicon nitride membrane using an ex situ nano-

manipulator. Finally, platinum was deposited with a FIB on top of the joint of 

the NW and the electrodes for a good electrical contact quality. Most NW 

segments contacted in this manner were thicker than 120 nm. In cases where 

they were smaller we noticed significant degradation of the InAs NW by the 

focussed ion beam. Therefore, only NWs with a diameter larger than 120 nm 

were investigated. The in situ electrical measurements were carried out in an 

aberration corrected FEI Titan TEM operated at 300 kV. Figure 1(c) shows a 

high-resolution image of InAs NW, which is consistent with the zinc blende 

structure. One can see that a 2 nm thick mainly amorphous phase of uniform 

thickness is present on the surface. EDX analysis on this phase showed it is 

an indium oxide. 

4.3. Results 

A two-terminal measurement was used to characterize the contacts 

between the NW and the electrodes. The resistance of the contacts have to be 

known because the current-voltage measurements depend strongly on the 

contact quality between the NWs and electrodes [13, 15, 16]. For the contact 

characterization we applied a small voltage with a maximum of 100 mV in 

order to prevent significant Joule heating. Some typical I–V curves between 

different terminals are shown in figure 4.2 (a). All I–V plots are linear at low 

voltages. This indicates that the contacts between the electrodes and the NWs 

are ohmic. Electrical measurements have been done while switching on and 

off the electron beam at an accelerating voltage of 300 kV and 80 kV; no 

significant changes were observed in the resistivity, indicating that an 

electron beam effect can be ignored. The slope of I–V curve decreases with 

decreasing diameter of the NW, i.e., the resistance increases with decreasing 

diameter.  
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The contact resistances can be calculated using the I–V 

measurements over the sections between, for instance, the contacts 1–2, 2–3 

and 1–3 and, thus, the net resistances of the sections between the contacts 

can be determined (see supplementary material (SM)). Note that for the 

measurement between the contacts 1–3 the current at the contact 2 will flow 

mainly though the Pt–C dot since it has a much higher conductivity than InAs 

(see SM). The as-measured and contact resistance-corrected resistances for 

several NWs differ only slightly (see figure 4.2 (b)) showing that the contact 

resistances are at most 6% of the net resistances and, therefore, we use in 

this paper the non-corrected resistances to discuss the trends. The electrical 

resistivity of the NWs is almost constant around 10−2 Ω·cm (see triangles in 

figure 4.1 (d)), in agreement with top-down measurements [5] (indicated by 

circles in figure 4.1 (d)). It should be noted that under different growth 

conditions the resistivity may change quite a lot. However, the NWs used in 

our experiments are taken from the batch of tapered InAs NWs as used for [5].  

 

Figure 4.2. (a) Two terminal I–V curves between each neighbouring electrode pairs 

as shown in figure 4.1 (b), showing good ohmic contacts with the electrodes; (b) 

corrected and uncorrected resistivity, the contact resistivity is within 6% of the 

measured resistance. 

For voltages higher than 100 mV the I–V plot is no longer linear and 

if further increased the NW will eventually break. A typical NW section after 

breakdown (out of 8 breakdowns observed, see figure 4.4) is shown in figure 

4.3 (a). Whereas the NW breaks down, the oxide surface layer remains. The 

breakdown area was always observed to be close to the cathode side. 
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Furthermore, round particles are formed near the anode side. EDX mapping 

(see figures 4.3 (b)–(d)) shows that these particles are very indium rich, while 

the nanocrystals existing in the broken part (figure 4.3 (e)) are rich in arsenic 

(see figures 4.3 (f)-(h)). The indium balls are located near the surface of the 

NW (see figure S1 in supplemental materials). The EDX measurements of the 

In-balls show the presence of oxygen in and/or on these balls, which we 

attribute to a reaction of indium with air during transport between TEMs.  

To follow the breakdown process in detail, in situ TEM videos were 

recorded while making in parallel electrical measurements. We started the 

breakdown study by using a gradual voltage increase with a ramp rate of 1 

mV∙s−1 and when the breakdown was observed to start, in most cases the 

voltage was kept constant to slow down the breakdown process allowing 

detailed recording of the microstructural evolution.  

The breakdown mechanism is likely to be the following. Current 

induced Joule heating leads to local decomposition of InAs at the surface (the 

NW becomes thinner), whereby As sublimates and In-atoms move away from 

the hot area by the electric field. At the final part of the breakdown there is 

also a quick drop in the temperature resulting in local patches of In and InAs.  

Figures 4.4 (a)–(c) shows I, V and the conductance G versus time and 

I–V curves of one NW breaking experiment. In general, there are three stages 

in the breaking process. In the first stage (CD, from 0 to 0.3−0.5 V), G 

increases linearly; in the second stage (DEF, from 0.3−0.5 V to ∼0.7 V) G 

starts to increase more rapidly but no visual change occurs in the NW (except 

for some changes in bending contours) and in the third stage at ∼0.7 V (FGH) 

the breakdown of the NW occurs. The start of this breakdown is visible first 

by the formation of sphere-like In-particles near the anode side. These 

particles grow and at the same time at another location which closer to the 

cathode side a small section of the NW starts to thin down. Once this thinning 
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Figure 4.3. (a) HAADF image of one InAs NW after breakdown, particles were 

found close to the anode, while the breakdown happened in a position close to the 

cathode. (b)–(d) EDX maps of the NW, which shows clearly the particles close to 

the anode are rich in indium and oxygen. (e) HAADF image of InAs NW in the place 

of breakdown. (f)-(h) EDX maps showing that nanocrystals existing in the broken 

part are rich in arsenic. 
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down is quite obvious in the images G decreases rapidly. During the thinning 

down of the section of the NW, the spherical shaped particles grow in size and 

sometimes in number. From point C to point E (figures 4(d)–(f)) no changes 

can be observed. From point E, G starts to deviate significantly from a linear 

increase, but still no changes are visible in the movie from points E–F. At 

point F we observed the first change in the image: a small sphere was formed 

(indicated by a red arrow in figure 4.4 (g)) on the anode side. Because of this 

observation the voltage was kept constant. During the breakdown process 

that followed, the spherical particle grows in size and another one is formed, 

and a slight thinning down of a section of the NW on the cathode side can be 

observed. Also a slight decrease in the conductance is measured between 

point F and G (see figure 4.4 (b)). Based on the formation time and volume of 

indium balls from recorded movie and taking as time scale 0.1 s, which is the 

minimum exposure time to image an atom with sufficient contrast, about 105 

indium atoms move from the broken part to the anode in one image. This 

movement cannot be imaged with HREM. In the next stage, which starts 

roughly at point G (figure 4.4 (h)) the thinner part of the wire is rapidly 

decreasing in width (from point G to point H in figure 4.4). The rapid decrease 

in diameter is associated with a rapid decrease of the electrical conductance. 

At point H the NW is almost broken. At this point the surface oxide layer is 

still present as is shown in figure 4.4. In the next stage there is still a finite 

conductance and the current only dropped to zero if the applied voltage was 

increased to 1.13 V. We assume that this last finite conductance is due to 

conductance through the oxide skin of the NW. We did not see a significant 

carbon contamination built up on the shell of the NW in our experiments. 

Moreover, if there would be a significant carbon contamination on the InAs 

NW there should be a relatively low resistance after the InAs NW is broken 

since the shell of the NW does not break. We observe in our experiments that 

the resistance increases sharply to MΩ range as soon as the NW breaks. 

Apart from the typical NW breaking process demonstrated in figure 

4.4 sometimes a deviating behaviour of conductance was observed (see figure 

S2 in SM). A detailed analysis of this movie is given in the SM. The breaking 

process is similar, occurring also at a voltage of ∼0.70 V. The non-typical 

behaviour is in the response in G upon the change in the voltage: in this 
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experiment the voltage was kept constant at 0.64 V for a while, whereby G 

was increasing quite rapidly. In order to track the starting position of the 

breakdown, low-magnification videos were recorded. After breakdown HREM 

images of the broken part were acquired and shown in figure 4.5. Figure 4.5 

(a) shows a low-resolution image as used to follow the breakdown process. 

Figure 4.5 (b) shows an image of the whole breakdown area, while figures 4.5 

(c) and (d) are HREM images of the squared areas in (b). Figures 4.5 (e)–(h) are 

Fast Fourier transforms (FFT) of the areas labelled 1–4 in figures 4.5 (c) and 

(d). The FFT patterns (figures 4.5 (e) and (f)) taken from the areas 1 and 2 are 

similar and present the same zinc blende structure. FFT pattern 4.5 (g) can be 

indexed as 〈110〉 oriented InAs and 4.5 (h) as 〈110〉 oriented tetragonal 

indium.  

Figure 4.6 shows eight TEM images of broken NWs, illustrating the 

reproducibility and the variation in deposition of the In-balls and the 

breakdown area. In all cases In-balls occur close to the anode side, although 

the distance to the anode varies. For figures 4.6 (a)–(c) the SiN was not 

removed as was done for figures 4.6 (d)–(g). The breakdowns happen near the 

cathode side except in only the one case shown in figure 4.6 (h) where the 

breakdown is in the middle and which is clearly an exception. The critical 

breakdown voltage for InAs NWs is around 0.6–1.0 V and there is no obvious 

dependence between the critical breakdown voltage and the NW diameter in 

the range 100–300 nm (see figure 4.1 (e)).  

The origin of the In-balls must be the breakdown area because 

almost simultaneous narrowing of this area is observed. There are two options 

for the driving forces to form the In-balls (here we assume that the skin of the 

NW is not conductive, since after breaking of the InAs the resistance becomes 

very high). In case the In-atoms move out to the surface close to their origin 

the force acting on them must be the electric field (the so-called direct force in 

electromigration). In case the In-atoms travel near the surface between the 

oxide shell and the NW, the force is the wind force (the impulse transfer from 

the charge carrier). More research is needed to determine this.
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 Figure 4.4. (a)–(c) I–V curves versus time of InAs nanowires during the whole 

process, (d)–(k) shows the corresponding TEM images at some typical points 

indicated in (a) and (b) by capitals corresponding to the figure numbering. The 

distance between the Au electrodes is 4 μm. 
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Figure 4.5. (a) Low magnification image of tapered InAs nanowire after breakdown; 

(b) magnified image of the broken area; (c) and (d) correspond to HREM images of 

the left and right squared area in (b); (e)-(h) corresponds to the FFT patterns of 

areas 1–4 indicated in (c) and (d). 
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Figure 4.6. Bright field TEM images of InAs NWs after breakdown showing the 

similar behaviour. The +/– represents anode/cathode, while trapezoid indicates 

the tapering direction of each nanowire. For (a)–(c) the SiN membrane is 

continuous under the nanowires while for (d)–(h) part of SiN membrane is removed 

by FIB. For (a)–(h) indium balls are present. For (a)–(f) the breakdown occurs 

relatively close to the cathode, (h) the breakdown occurs almost in the middle. 
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4.4.  Discussion 

When an electrical current is applied to a NW, Joule heating is 

unavoidable. With the increase in temperature, the carrier concentration in 

an intrinsic semiconductor also increases and thus the conductance will 

increase. Indeed we see an increase in the conductance, for instance in figure 

4.4 (b). The observed increase can—however—not be fitted with a simple 

picture of the increase in the carrier concentration, since it is not exponential. 

The conductance increase can result in a self-acceleration of the heating, 

since the increase in charge carriers results in more scattering, which results 

in a further temperature increase, which generates more charge carriers and 

so on. This ‘reaction chain’ could be the reason for the large increase in G 

even when the voltage was kept constant. To check this last possibility we 

used the focus of the TEM to determine bending of the SiN membrane for one 

case, and measured a height difference of the SiN near the Au electrode and 

at the edge of 60 nm. Thus, a contact of the edge of the SiN near a hole 

created by FIB with the InAs NW cannot be excluded (see also SM). 

The breakdown of the NW does not occur in the middle of the wire as 

can be seen from figure 4.4. Intuitively one would expect that the NW is 

hottest in the centre, given the two equal heat sinks of the Au electrodes (the 

tapered shape might lead to some deviation). Still we do not see the 

breakdown in the centre of the NW but much closer to the cathode. There is 

some variation in the exact position but the trend is always the same, 

irrespective of the tapering direction. In electromigration experiments of Pt 

and Pd NWs it was observed [17] a similar behaviour and also documented 

that the temperature is not the hottest in the centre, based on the local start 

of a recrystallization. We assume that such an asymmetrical location of the 

breakdown area is due to Thompson effect [18]. Similar asymmetrical 

breakdown is observed by Kang et al [19] for In2Se3 NWs and explained to be 

due to Thompson effect.  

We have carried out in situ TEM heating experiment of InAs NWs and 

observed that decomposition starts at about 500°C, which is in agreement 

with a report of Hertenberger et al [20]. In the presence of a current the local 
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temperature needed for the breakdown can be substantially less because 

electromigration can remove atoms well below the sublimation temperature. 

The formation of In-balls far away from the decomposition area accompanied 

with a thinning of a section of the NW indicates that electromigration indeed 

occurs. The partial removal of In will result in a chemically less stable 

composition which will trigger easier electromigration and sublimation of As. 

Alternatively, sublimation of As will make the InAs more In rich facilitating 

the electromigration of In. 

The critical current density jc for the breakdown of the NWs with 

different diameters was calculated based on the formula: jc = Ip/S, where Ip is 

the peak value of the I–V curve where breakdown starts, and S is the cross 

section area of the NW. The critical current densities for the NWs with 

diameters from 120 nm to 280 nm are ranged from 105.5–106.5 A∙cm−2, (see 

figure 4.1 (f)) whereby mostly the critical current density is close to 106 

A∙cm−2, which is within the range of electrical migration of dislocations (∼105 

A∙cm−2), surface (∼106 A∙cm−2) and point defects (∼107 A∙cm−2) [21], which is 

similar to results of Dayeh et al on ex situ I–V measurements, showing that 

an InAs NW with a diameter of 33 nm breaks at a current density of 107 

A∙cm−2. From post-mortem TEM analysis they concluded that the breakdown 

arises from the arsenic out-diffusion [6].  

Several in situ TEM studies with a TEM-STM setup are reported for 

NWs of InAs, GaN, BN and ZnTe, whereby the critical breakdown voltage 

ranged from 2–100 V, while the critical current ranged from 104–106 A∙cm−2. 

The applied voltage is much higher than that in our case (∼1 V), which we 

contribute to the high contact resistance between the NW and STM tip, which 

for instance can result in a breakdown at a position very close to the STM tip 

due to extreme Joule heating at the STM-NW contact (such as in [4]). 

Although the voltages, positions of breakdown and electromigration effects 

can be very different for in situ TEM studies with a TEM-STM setup compared 

to those of our set-up or conventional (non-in situ) measurements, the 

breakdown mechanism is likely to be similar. Indeed several authors report 

the formation of balls (Ga, B, Zn and Te) [4, 6, 8, 9].  
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4.5. Conclusions 

In conclusion, we succeeded in fabricating low ohmic contacts to the 

InAs NWs, thereby excluding an experimental setup artefact (Joule heating as 

a result of high resistance contacts). We could record changes with TEM 

observation while simultaneously recording the I–V properties. Furthermore, 

we also observed the growth of often reported material balls on top of the NW 

during the breakage process, and we suggested a mechanism based on 

electromigration of In leading the In ball growth on the anode side and the NW 

breakage near the cathode side. 
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Supplementary material 

1. Calculation of contact resistances and correction for the resistances 

of the nanowires. 

For the nanowire with four electrodes, the measured resistance 

between electrodes i and j Ri-j is the sum of the contact resistance with i, j (Ri, 

Rj) and the corrected resistance Rij of the nanowire between electrodes i and j. 

The equations are shown as following: 

R1-2=R1+R2+R12   (1) 

R2-3=R2+R3+R23   (2) 

R3-4=R3+R4+R34   (3) 

R1-3=R1+R3+R12+R23    (4) 

R2-4=R2+R4+R23+R34   (5) 

Therefore, the contact resistance with the electrodes and the 

corrected resistance are determined by the following equation: 

R2=1/2*(R1-2+R2-3-R1-3)            (6) 

R3=1/2*(R2-3+R3-4-R2-4)            (7) 

R23=1/2*(R1-3+R2-4-R1-2-R3-4)    (8) 

Thus, the resistance of the middle part R23 can be corrected by 

subtracting the contact resistances R2 and R3.  

Figure S1. A In particle on top of the InAs nanowire. 
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2. Deviating conductance behaviour during the breaking process in 

some InAs nanowire  

Figure S2 shows a deviating behaviour during current passage. In 

figure S2 is can be seen that when the voltage was kept constant (0.6 V) for 

the first time G showed a slow increase (DE). However, when after a voltage 

increase to 0.64 V the voltage was kept constant (F), the conductance 

increases strongly at first and next remains almost constant  (GH). With a 

further linear increase of the voltage to 0.71 V, G increases again (HI). Up to 

this stage no obvious changes of the nanowire are observed. Then at 0.71 V 

an In ball is formed close to the anode, which indicates the start of the 

breakdown. Keeping the voltage at 0.71 V, G decreases rapidly, associated 

with a rapid decrease in width of the breakdown area of the nanowire. The 

current dropped to zero when the voltage was increased to 1 V. 

Remarkable in the experiment shown in figure S2 is that after the 

fast increase in G with constant V, G suddenly remains more or less constant, 

which suggests that the temperature and the carrier concentration have 

reached stable values. We do observe contrast changes in the nanowire due to 

bending. The location of the sudden contrast change is close to the position of 

the edge of the SiNx, suggesting that the change in G is might to a contact 

between the SiNx and the NW, resulting in a new heat conducting path. The 

time at which the sudden change in bending contrast occurs is close to point 

G in the conductance plot, indicating that the change in bending and/or the 

contact with the SiNx changes the conductance behaviour of the nanowire. 

Further research is needed to confirm this. Since the InAs nanowire is on 

both sides on top of 100 nm thick electrodes and is suspended over a 

distance of about 3 µm, it cannot bend so much that it touches the SiNx, but 

the edge of the SiNx could bend towards the InAs wire. To check this last 

possibility we used the focus of the TEM to determine bending of the SiNx 

membrane for one case, and measured a height difference of the SiNx near the 

Au electrode and at the edge of 60 nm. Thus a contact of the edge of the SiNx 

near a hole created by FIB with the InAs nanowire cannot be excluded. 
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Figure S2. (a)-(b) I-V and I/V curves of InAs nanowires during the whole process, 

(c)-(l) show the corresponding TEM images at some typical points indicated in (a) 

and (b). (For more information, please refer to the video.) 
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5.1. Introduction 

Much research attention has been paid to semiconductor 

nanowires (NWs) over the past decade due to their promising applications in 

nanoelectronic devices including nanoscale circuits, sensors, 

interconnections, memory, transistors [1, 2]. Certainly, the stability of such 

NWs under an electrical load is a key issue when the NWs serve as the most 

important components of electronic devices. The high current density can 

lead to an electrical breakdown of semiconductor NWs. The main reasons 

breakdown are considered to be electromigration-induced damage and 

decomposition due to Joule heating.  

In the case of electromigration processes, the high-density electric 

current flowing through a solid can lead to an atomic flow due to the high-

speed electrons transfer a portion of their momentum to the atoms (or ions) 

by collision. As a result, this phenomenon can lead to morphological and 

structural instabilities due to the mass diffusion. At the same time, high 

currents sent through semiconductor NWs raise their temperature due to 

Joule heating. As the thermal conductivity of semiconductor NWs is much 

lower than that of metal NWs, the increase of temperature in semiconductor 

NWs is higher, which can lead to a thermal decomposition or breakdown.  

Experimental investigations of breakdowns of GaN, TiSi2, InAs, 

ZnO, TiO2, SnO2 NWs and of BN and C nanotubes have been performed to 

understand the nature of electrical breakdowns. Nie et al. [3] studied the 

electrical failures of semiconductor oxide nanowires (NWs) in situ inside a 

transmission electron microscope (TEM). They performed electrical 

measurements in situ using a tungsten tip positioned by a piezo-actuator 

and used as a manipulator and the first electrode. For the second electrode 

they adhered the NW samples to the flat end of the counter Au electrode. 

They observed different electrical failure behaviors of SnO2 and TiO2 

semiconductor oxide NWs. They found that high currents (25×10-6 A) led to 

a sudden fracture of the SnO2 NW (50 nm in diameter and 2.2 µm  in 

length) and to the creation of ultrasharp tips at the broken ends, whereas 

the TiO2 NWs (200 nm in diameter, 1.3 µm in length) failed due to Joule-

heating-induced melting, after which they retracted into a nanosphere. They 
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correlated these distinct behaviors with the different bonding natures of the 

NWs. 

Zhao et al. [4] performed electrical breakdown measurements of 

GaN NWs using an in situ TEM method with a scanning tunnelling 

microscopy (STM) holder to apply dc bias. In their experiment, the voltage 

was applied from 0 to 35 V with a ramp time of 100 ms and a ramp step of 

1 V. They found that all the breakdown points are located at the middle of 

GaN NWs where the melting or decomposition temperature is reached. They 

also observed that some liquid Ga balls remained on the NWs. This revealed 

that CaN NWs break due to Joule heating.  

Westover et al. [5] investigated electrical breakdown in Joule-

heated GaN NWs using an in situ TEM characterization method with an 

STM holder. They applied a voltage to the STM tip to cause an electric 

current to flow through the NW, and then increased the applied voltage 

until decomposition started as the formation of Ga balls became evident, 

which occurred at approximately 30 V (18 µA). They also observed that the 

Ga balls evaporated with increasing voltage and that subsequent voltage 

increases resulted in nanowire failure. They therefore concluded that NW 

failure under high currents is primarily caused by thermal decomposition, 

which is confirmed by TEM images of individual NWs showing the formation 

and growth of Ga balls before NW failure.  

Zhang et al. [6] investigated the electrical breakdown of ZnO NWs 

by applying a longitudinal electric field inside a scanning electron 

microscope (SEM) equipped with W manipulators. To enable the electrical 

measurements, they used W tips to press a ZnO NW at the ends to act as 

electrodes. They then observed the electrical breakdown of individual ZnO 

NWs due to joint effects of high electric fields and Joule heat. These devices 

exhibited stable behavior before the applied electric field reached the 

breaking point at ≈106 V/m.  

Zou et al. [7] studied the electrical failure in TiSi2 NWs using an in 

situ SEM technique and TEM for compositional characterization. For 

electrical measurements the electrodes were done by an electron beam 

lithography technique and focused ion beam (FIB)-induced Pt deposition. 

They increased the current with applied bias until the devices failed. They 
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found that the dominant breakdown process that induced mass migration 

and caused irreversible decomposition of TiSi2 NWs was electromigration.  

Xu et al. [8] performed a TEM-assisted in situ joule heat dissipation 

study of individual InAs NWs. They described two-point electrical 

measurements performed with in situ TEM using a contact with an STM tip. 

The NW breakdown showed no dependence on the electric current direction; 

rather, it was broken in the middle, which Xu et al. attributed to Joule 

heating.  

Clearly, these explanations of breakdown mechanisms in 

semiconductor NWs differ, which is related primarily to the fundamentally 

different physico-chemical nature of NWs. Of course, when analyzing the 

data reported by different groups, all experimental details should be 

considered in order to obtain a reliable description of the failure 

mechanism: how the bias was applied in the breakdown experiments; the 

material, composition and geometry of the NWs; and the quality of the 

contacts. Thus, in order to ascertain the driving force of electrical 

breakdown in individual NWs and improve the semiconductor NW-based 

electronic device technology, it is extremely important to correlate the 

experimental conditions with the NW damage behavior. We conclude that 

there is still a lack of systematic experimental data in the literature that 

would directly relate experimental conditions, i.e. how the voltage was 

applied, the quality of the contacts, to electrical breakdown behavior.     

  In this chapter we present in situ (S)TEM and TEM holography 

studies of the electrical breakdown mechanism in individual InAs NWs. 

Moreover, we show the results of a controlled modification of InAs NWs by 

electric field during continuous in situ (S)TEM imaging.  

5.2. Experimental 

The InAs NWs were grown on an InP substrate by the metalorganic 

vapor-phase epitaxy method. The tapered shape of InAs NWs was obtained 

by controlling the gas flow rate; further fabrication details have been 

reported elsewhere [9].  
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To perform in situ electrical measurements in TEM, we prepared 

chips with gold electrodes (contacts) by means of e-beam evaporation from 

an Au source onto a 100-nm-thick freestanding silicon nitride (SiN) 

membrane. The electrodes were a 97-nm-thick layer of Au and the adhesion 

layer between the SiN and the Au was a 3-nm-thick layer of Cr. We wrote 

the patterns for the Au contacts using e-beam lithography. The detailed 

fabrication process of transparent SiN membrane and Au electrodes is 

described in Section 2.2 of Chapter 2.  

A focused ion beam technique (FIB) was used to cut the SiN 

membrane between the electrode pair in order to obtain a SiN-free local 

area. Then, single nanowires were transferred onto the Au electrodes and 

positioned at the FIB cut. The InAs NWs were transported manually using 

sharp glass needles and a precision mechanical micromanipulator. Thus, a 

part of the nanowire was suspended. To enhance the electrical contact, we 

deposited Pt on the joints of the InAs NW and Au electrodes by means of 

FIB with a 10-pA current of Ga+ ions. The schematic illustration of the chip 

with the nanowire placed on Au electrodes separated by a gap is shown in 

Figure 5.1.  

The InAs NWs were tapered and their lengths ranged from 10 to 15 

µm. The distances between two Au electrodes ranged from 2 to 5 µm. 

Moreover, the lengths of the suspended parts of the NWs varied even when 

the distance between the electrodes was the same, which was due to a 

slightly different placement of the NWs during the manual transfer. The 

diameter range of the suspended parts of the NWs was between 130 and 

250 nm. The total resistance of the device, including the Au electrodes, the 

Pt contacts and the InAs NWs prior to the electrical experiments was 3–20 

kOhm.  

The chip with InAs NWs was fixed with conductive tape onto an 

Al2O3 chip carrier. The connection between the chip and the Al2O3 was 

made with the standard wire bonding technique. The chip carrier was 

placed into a custom built-in-house TEM holder connected to an electrical 

setup (see Section 2.3.2 of Chapter 2). The electrical breakdown process of 

InAs NWs was investigated by in situ TEM and STEM/EDX techniques 

using a FEI Titan microscope operating at 300 keV. Both the state-of-the-
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art TEM with the custom holder and the electrical setup enabled us to 

record real-time movies of structural and morphological transformations at 

the nanoscale with the corresponding I–V curves. TEM movies were 

recorded directly from the Titan FLUcam display using Camtasia screen 

recorder software with a frame rate of 10–15 fps. 

 

Figure 5.1. Schematic illustration of the MEMS device for in situ TEM electrical 

measurements. The device comprises a chip with a single free-standing nanowire 

placed on Au electrodes deposited on a SiN membrane. 

The electrical breakdown experiments were performed in bias-

ramping mode, which allowed us to conduct accelerated experiments for 

failure process visualization in situ (S)TEM. The typical I–V curve represents 

a loop that starts at 0 V and gradually increases to a predefined value of 

600–1000 mV, then decreases back to 0 V, and again increases in the 

negative I–V quadrant to the same set value, after which it returns to the 

initial starting point of 0 V. If a NW does not break and no changes in 

morphology and structure are detected, a new cycle is performed with a 

higher voltage. When changes appear, subsequent cycles are applied with 

the same voltage as in the previous cycle. To observe the morphological and 

structural changes with in situ TEM without prolonging the experiments 

unnecessarily, we set the voltage ramp to 20–40 mV/s.  

An electron holography was applied to study the local variations of 

the resistance of a nanowire by reconstructing the electrical potential from 

the holograms of the nanowires when an electric current is flowing through 

them. The hologram was obtained when part of the electron wave passing 

through the sample interfered with another part passing through a hole 

(vacuum). This interference was realized by a charge wire positioned in the 

selected area aperture plane. Electron waves passing through the InAs NW 
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and vacuum regions were deflected by the electrostatic potential, which was 

applied to a biprism wire so that an interference pattern was formed on the 

image plane. This interference pattern is called an electron hologram and 

contains the phase information of the electron wave passing through the 

InAs NW. The only difference to conventional off-axis electron holography is 

that an electric current passes through the InAs NW.  

The built-in-house TEM holder described in Section 2.3.2 of 

Chapter 2 was used for electrical measurements. The holographic 

experiment [10, 11] was performed in an FEI Titan G2 60-300 HOLO TEM 

operated at 300 kV in Lorentz mode for a larger field of view [12]. A 

Möllenstedt-type electrostatic biprism [13] situated above the selected area 

aperture plane was used to form an interference pattern. To improve spatial 

coherence, the elliptical illumination was used [14]. The biprism voltage was 

set to approximately 110 V, resulting in a fringe spacing of about 3.5 nm. 

The biprism was rotated to be perpendicular to the Pt contacts (i.e. almost 

parallel to the nanowire). Such geometry results in perturbation of the 

reference wave (PRW) [15] by the parallel-plate-capacitor-like field of the 

electrodes. The effects of PRW together with the results will be discussed in 

more detail below. The holograms were recorded using a Gatan K2-IS direct 

electron detection camera operating at 400 fps with approximately 2k×2k 

resolution. This allowed us to have a temporal resolution of 2.5 msec. 

The individual holograms were reconstructed using the Fourier 

method [11] as follows. First the FFT of holograms was performed, then the 

side band center was identified as the maximum intensity in the side band 

region. A circular filter with a radius of half the distance between the side 

band and the FFT center was set in the center of the side band, and the 

sinc function was set to smooth the filter edges. The filtered FFT pattern 

was re-centered and an inverse FFT was performed, which yielded a 

complex wave. Consequently, the amplitude and phase were calculated. For 

better visualization, cosine (contour) maps were calculated using the 

equation C = cos(n×Φ), where n is the amplification factor defining the 

contour spacing 2×Π/n and Φ is the phase. Additionally, the central band 

filtering was performed to obtain intensity images using a procedure similar 

to the one described above but with the filter centered at the FFT origin. 
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5.3. Results and Discussions 

5.3.1. TEM visualization of electrical breakdown 

As-grown monocrystalline InAs NWs have a sphalerite (or zinc 

blende with a face-centred cubic symmetry) structure with a very low 

density of defects. The NWs contain a 2-nm-thick amorphous layer 

distributed homogeneously over their entire surface.  

Figure 5.2 (a) shows a bright-field TEM image of an InAs NW placed 

on Au electrodes. The distance between Pt-deposited contacts is 3.5 µm and 

the freestanding length of an InAs NW is 2.1 µm. The diameter of the 

nanowire is 140 nm. The stripes and curved lines that appear on the NW 

are due to bending. Figure 5.2 (b) is the area in (a) between the purple lines 

rotated 52° counterclockwise. The dark spherical shapes in Figures 5.2 (a) 

and (b) indicated by green arrows are artifacts formed during the FIB 

cutting of the holes in the SiN membrane, which causes the SiN edges to 

curl into spheres. 

 

Figure 5.2. (a) Bright-field TEM image of an InAs NW on Au electrodes. (b) The 

area of (a) between the purple lines rotated 52° counterclockwise. Green arrows 

indicate the artifacts at the edges of the SiN caused by the FIB cutting of the 

holes. 

 In order to find the voltage value at which the NW undergoes 

structural changes, we applied several voltage loops with increasing voltage 

until structural changes were observed. The voltage ramp was set to 20 

mV/s. Figure 5.3 shows snapshots taken from the real-time TEM movie 

a 

b 
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recorded as bias voltage was applied. Each image corresponds to a certain 

segment (or time) of the I–V  curve. A TEM image of the initial configuration 

of the InAs NW taken at 0 V and corresponding to the A point on the I–V  

curve is shown in Figure 5.3 (a). When the bias voltage is increased to 

almost Vmax=1100 mV in the positive I–V quadrant, the InAs NW starts to 

shrink near the cathode side, forming a neck. At the same time, a small ball 

starts to grow near the anode side (Figure 5.3 (b); (c) corresponds to points 

B and C on the I–V curve shown in (i)). These changes occurred only near 

the maximum voltage value. When the polarity is changed at the negative I–

V  quadrant near a maximum negative voltage, the ball that was previously 

formed near the anode side starts to shrink and finally disappears, while 

similar sphere-like particles grow on the NW surface near the anode side in 

the opposite configuration of polarity, see Figures 5.3 (d)–(h) corresponding 

to points D–H on the I–V curve, respectively. No changes in particle shape or 

size are observed during the subsequent voltage decrease to 0 mV.  

We applied the next voltage cycle with the same Vmax. Figure 5.4 

shows images from the TEM movie recorded during the second voltage 

cycle. Figure 5.4 (a) shows a TEM image of the InAs NW after the first 

voltage cycle at 0 V. Near the maximum applied voltage, the particles (balls) 

that formed in the first voltage cycle exhibit the same behavior: they 

disappear on one side of the NW and grow on the other side, see Figures 5.4 

(b)–(f) corresponding to points B–F on the I–V curve shown in (g). The 

spherical particles always grow near the positive electrode in the direction of 

the electron current. Moreover, the NW becomes significantly thinner where 

the neck had originally formed in the first cycle and eventually breaks at a 

voltage of 1080 V, see Figures 5.4 (e) and (f). Although the NW breaks down, 

the oxide surface layer remains. The current drops first to a value of 0.006 

mA in the positive I–V quadrant, see Figure 5.4 (g), which we attribute to 

the final conductance through the oxide skin of the NW. Then, when 

polarity is switched in the negative I–V quadrant, the resistance increases to 

tens of MOhm.  
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Figure 5.3. Snapshots from the real-time TEM movie recorded as bias voltage 

was applied. (a) TEM image of the initial configuration of the InAs nanowire 

taken at 0. (b)–(h) TEM images of the InAs nanowire showing morphological 

changes as bias voltage is applied. The direction of electrons is shown by red 

arrows; the location of sphere-like nanoparticles is indicated by dotted circles. (i) 

I–V curve with points A–H corresponding to images (a)–(h), respectively.  
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Figure 5.4. Snapshots from the real-time TEM movie presenting the electrical 

breakdown process in an InAs nanowire occurring after the first cycle shown 

in Figure 5.3. (a) TEM image of the InAs nanowire after the first cycle, 

corresponding to point A on the I–V curve (g). (b)–(f) TEM images of the InAs 

nanowire corresponding to points B–F on the I–V curve, respectively. The 

direction of electrons is indicated by red arrows. 

To understand the nature of the sphere-like particles that form 

near the anode side, we performed an EDX analysis on the InAs NWs after 

breakdown, see Figure 4.3 in Chapter 3. EDX mapping revealed that these 

sphere-like particles (balls) are very rich in indium, whereas the 

nanocrystals in the broken part are rich in arsenic. 
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In Figure 5.3 we clearly observe that the growth of In particles near 

the anode side always goes together with the thinning of the NW part near 

the cathode. When polarity is changed, In forms on the other side (always 

the anode side) of the nanowire, and the size and number of newly formed 

In particles is increased. However, we do not observe any changes in the 

NW’s resistance in the linear regions of positive and negative (after the 

growth of particles) I–V quadrants, see Figure 5.5 (a). Moreover the 

resistance of the NW in the linear regions of I–V curves for the first and 

second cycles (before breakdown) remains the same, see Figure 5.5 (b). To 

estimate the amount of In increase after the change of polarity in the first 

cycle, we used ImageJ software to extract the area of In particles from 

Figures 5.3 (c) and (h). Considering In particles as spheres, we determine 

their masses to be mass = (density 7.31 g/cm3)× 3/2). 

We find that, after the polarity change, the mass of In becomes 

approximately three times greater.  
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Figure 5.5. (a) Plot of the linear regions of the I–V curve (positive and negative) 

for the first voltage cycle. (b) Overlay of linear I–V regions for the first and second 

cycles. 

 

5.3.2. STEM visualization of electrical breakdown 

To observe the influence of the voltage ramp on the behavior of 

InAs NWs, we recorded in situ a STEM movie while applying a voltage with a 

ramp of 40 mV/s. In order to record images with a minimum of diffraction 

contrast, the NW was positioned outside of a low zone axis, and the camera 

a b 
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length was set to a small value to allow a contrast change to be attributed 

to a change in thickness. The frame rate of the STEM movie was set to 4 fps 

to achieve an acceptable image quality for the chosen camera length and to 

allow us to record the transport of material in detail.  

Figure 5.6 shows snapshots taken from an STEM movie recorded 

during electrical measurements. The images in Figure 5.6 correspond to 

three voltage cycles (loops): (a) is the initial view of the NW, (b)–(c) 

correspond to the first cycle (the I–V curve is shown in (m)), (d)–(j) are 

images from the second voltage cycle (the I–V curve is shown in (n)), (k)–(l) 

represent the third cycle (positive part of I–V curve shown in (o)). The 

maximum applied voltages were 500 mV (b–c), 600 mV (d–j) and 600 mV (k–

l), respectively. While increasing the voltage to 500 mV in the first voltage 

loop, we observed a change in the initially homogeneous contrast of the 

InAs NW, namely the formation of regions with greater contrast near the 

cathode side and less contrast near the anode side of the NW. Greater 

contrast means less material (material depletion) or void formation, whereas 

brighter areas correspond to material accumulation. Arrows in the images 

indicate the direction of electron flow from the cathode side (–) to the anode 

side (+).  

Changing the current direction (negative part of the I–V curve (m)) 

causes the partially formed mass depletion areas to refill and new areas of 

mass depletion to grow near the cathode side (for a given configuration of 

polarity) and new areas of mass accumulation to appear near the anode, 

Figure  5.6 (c). As no significant changes occurred at this voltage, a new 

voltage loop is applied with a maximum of 600 mV. Increasing the voltage to 

600 mV thins the NW near the cathode side, see Figures 5.6 (d–f), which 

causes a neck to form near the voltage maximum, see Figure 5.6 (g), the 

wire to thicken, and hillocks to form at the anode side, see Figures 5.6 (d)–

(g). Reversed polarity in the same cycle causes a new thinned area to form 

near the ex-anode (now the cathode), which transforms into a neck shape. 

At the same time, the NW becomes thicker at the opposite side (anode), see 

Figures 5.6 (h)–(j). We applied the third voltage cycle with the same 

maximum voltage. At 530 mV, a void (material depletion) forms near the 

cathode side and at 535 mV NW, it breaks at the neck, see Figures 5.6 (k)–

(l).  
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Figure 5.6. Snapshots from an in situ STEM movie showing the direction of 

material transfer under the influence of an applied electric field. (a) Initial 

configuration of the NW; (b)–(c) correspond to the first voltage cycle and are 

taken at the voltage maximum in the positive and negative quadrants of the I–V 

curve (±500 mV). Images (d)–(g) correspond to the second voltage cycle in the 

positive I–V quadrant, showing a thinning of the NW near the cathode, which 

causes a neck to form and the wire to thicken with hillocks at the anode. Images 

(h)–(j) correspond to reversed polarity in the second cycle, the formation of a new 

thinned area that transforms into a neck shape near the cathode, and a 

thickening of the NW at the anode. Images (k)–(l) correspond to the third cycle, 

showing a breakdown of the NW. (m)–(o) I–V curves of the first, second and third 

cycles, respectively.  
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We conducted experiments on NWs with different voltage ramps of 

20–40 mV/s and observed the process of reversible material transfer in 

every case. Both TEM and STEM imaging techniques provide useful 

information. The great advantage of the STEM mode is the ability to observe 

material transfer due to the mass-thickness contrast. 

During these experiments we acquired EDX maps to understand 

the composition of the areas in STEM images with bright contrast. They 

showed similar results to those in Figure 4.3 of Chapter 3. The areas with 

brighter contrast are very In-rich and the particles at the breakdown (grey 

contrast) are As-rich.  

In the first cycle of this experiment we recorded a behavior of the 

InAs NWs at a voltage that does not result in significant NW damage, but 

allows the observation of In material migration at the surface between the 

NW and the InO shell in the direction of electrons. The thinning of the NW 

always occurred near the cathode together with the accumulation of In 

mass near the anode. Changing the current direction leads to the opposite 

situation where partly formed regions of material depletion are refilled near 

the ex-cathode (now the anode) and new depletion areas appear near the 

ex-anode (now the cathode). We consider the observed phenomenon to be 

electromigration because In moves under the influence of an applied electric 

field in the direction of electrons. Moreover, the areas of material depletion 

become refilled, depending on voltage polarity. When a higher voltage is 

applied in the second and third cycles, we observe the thickening of the NW 

due to intensive In accumulation at the anode near the surface of the NW 

together with the formation of the neck in the NW at the cathode. Switching 

the polarity leads to the same situation with respect to new cathode and 

anode sides.  

As can be seen in Figures 5.6 (g), (j) and (k), which correspond to 

the maximum applied voltages of ±600 mV, In particles are not removed 

completely from the anode sides by electromigration. We assume that this is 

due to two reasons. Firstly, when In forms near the anode, the InO shell can 

be partly broken due to the fast accumulation of material, whereupon some 

of the In can exit the wire. Changing the polarity results in the 

electromigration of In located close to the surface of the InAs NW between 
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the InAs material and the InO shell. The In part that exits the NW at the 

broken shell and adheres to the surface of the NW is thus less connected, 

and less force is acting on it because the InO shell is not conducting. This is 

shown schematically in Figure 5.7.  

The second reason is the rate of the voltage ramp itself. As can be 

seen in “loop” voltage cycles, the applied voltage is not constant like in the 

experiment described in Chapter 3: the cycle starts at 0 V and the voltage is 

gradually increased with a curtain ramp. When it reaches the maximum set 

value, it decreases back to 0 V. As we set a voltage of a cycle such that 

changes are observed only near its maximum, the rate of the voltage ramp 

defines the actual time during which the electromigration force is strong 

enough to cause material displacement. Moreover, in this experiment the 

voltage ramp is increased to 40 mV/s and the heat rate is also increased, 

which might explain the difference between these two experiments 

(described in the Results section of this chapter), where the voltage ramp 

differs twice. 

 

Figure 5.7. Schematic illustration of In material accumulation near the anode 

side.  

We observed significant changes in the NW at the current density 

of about 7×105 A/cm2. This value is below the observed current density for 

electromigration in metals [16]. However, in the case of semiconductor, 

current flowing through it can cause significant Joule heating which, in 

turn, can lead to a substantially lower critical current density at the start of 

electromigration. In our experiments we observed both the decomposition 

and the electromigration phenomenon. We performed in situ TEM heating 

experiments on InAs NWs to find the temperature at which they decompose 

and observed that this occurs at about 540°C, which is in agreement with 
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the work of Hertenberger et al. [17]. The partial removal of In as well as 

sublimation of As will result in a chemically less stable compound, which 

will facilitate electromigration  

We found that the NW does not break down at its midpoint as one 

would expect, given that the Au electrodes and Pt-deposited enhancing 

contacts between the Au electrodes and the NW are equal. We performed 

several similar breakdown experiments and observed that the breakdown 

area is always close to the cathode side. There is a dispersion in the exact 

location of the breakdown, but the failure behavior remains the same. This 

might mean that the hottest part of the NW is not in the center, and we 

assume that the shift from the middle can be due to the Thomson effect [18, 

19]. This effect is more significant in semiconductors than in metals 

because in semiconductors the concentration and the energy of charge 

carriers depends strongly on temperature. If n-type (p-type) semiconductors 

are non-uniformly heated, the electron (hole) concentration will be higher 

where the temperature is highest. The temperature gradient will lead to an 

electron (hole) concentration gradient, which in turn will cause a diffusive 

charge carrier flux. Owing to this electroneutrality imbalance, an internal 

electric field will be generated. If the voltage is applied to such a 

semiconductor—depending on the directions of internal and external 

fields—heat will be released or adsorption will occur in addition to Joule 

heating.  

5.3.3. In situ TEM holography visualization of an electrical breakdown 

 To study the local variations of the resistance of the NW an electron 

holography was applied by reconstructing the electrical potential from the 

holograms of the NWs when an electric current is flowing through them. 

Bright field TEM images (i.e. central band filtered holograms displayed in 

figure 5.8 (a)-(k)) show the morphological changes in the nanowire that are 

similar to those observed in previous experiments (see section 5.3.2). First, 

to acquire a reference hologram, the NW was shifted from the field of view of 

the electron beam. The hologram of the InAs NW was acquired at 0 V. Then, 

the hologram of vacuum was subtracted from the hologram of the InAs NW 

at 0 V in order to obtain information on the mean inner potential of the NW. 
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Subsequently, the voltage loops were applied with the maximum set 

voltages of 700–750 mV. During all voltage cycles the voltage ramp was set 

to 40 mV/s. We acquired holograms of the InAs NW while ramping the 

voltage to record the I–V curves. The images shown in Figure 5.8 represent 

BF images with corresponding images of the phase, which is amplified to 

reduce the noise and inserted as a caption in each BF image. Figure 5.8 (a) 

is the initial configuration of the NW in the absence of an electric field. The 

rest of the TEM images in Figure 5.8 were acquired during five applied 

voltage cycles: (b)–(c) correspond to the first cycle where Vmax = ±750 mV; 

(d)–(e) correspond to the second cycle where Vmax = ±700 mV; (f)–(g) 

correspond to  the third cycle where Vmax = ±720 mV; (h)–(i) correspond to 

the forth cycle where Vmax = ±720 mV; and (j)–(k) correspond to the fifth 

cycle where Vmax = ±740 mV. Figure 5.8 (l) is a graph of I–V curves 

corresponding to the applied voltage cycles. Black arrows show the direction 

of the electron flow from the cathode side (–) to the anode side (+). Similar to 

the experiment described in Section 5.3.2., when voltage is applied to the 

initial NW, it is gradually thinned near the cathode side as the voltage is 

ramped near the maximum of the applied value, and the NW represents a 

wire with a bridge. Under a change of polarity in the same cycle, the bridge 

gradually moves to the new cathode side near the maximum voltage. Near 

the new cathode, the shape of the bridge differs from the initial one. The 

new bridge is smaller in diameter and shorter in length. During the rest of 

the voltage cycles we observe the same behavior of the bridge location 

change as well as the change in diameter and length. Comparing images 

corresponded to different voltage cycles in Figures 5.8, one can observe that 

the distance which the bridge travels under the polarity change is 

dependent on the maximum applied voltage of the cycle. In the second cycle 

at lower value of maximum applied voltage of 700 mV the distance for 

which the bridge relocates is shorter comparing to that in the first cycle 

with 750 mV as a maximum value. In the third and the fourth cycles the 

maximum applied voltage is 720 mV. In both cycles the bridge 
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Figure 5.8. TEM holograms: BF images with corresponding images of the phase 

inserted as a caption in each BF image: (a) initial configuration of the NW in the 

absence of an electric field; (b)–(c) correspond to the first cycle where Vmax = ±750 

mV; (d)–(e) correspond to the second cycle where Vmax = ±700 mV; (f)–(g) 

correspond to the third cycle where Vmax = ±720 mV; (h)–(i) correspond to the 

forth cycle where Vmax = ±720 mV; (j)–(k) correspond to the fifth cycle where Vmax = 

±740 mV; (l) is a graph of I–V curves corresponding to applied voltage cycles. 

Black arrows show the direction of the electron flow from the cathode side (–) to 

the anode side (+). 
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relocates for a longer distance than that in the second cycle. Remarkable is 

that the length and the shape of the bridge forming at the same voltage 

polarity at the positive halves of voltage loops (+720 mV) in the third and 

the forth cycles are similar. At the same voltage polarity (+720 mV) in these 

cycles the bridge acquires a tapered shape (see Figures 5.8 (f) and (h)). In 

the fifth cycle, when applying a voltage ±740 mV, the bridge does not 

acquire a tapered shape as we observe in Figure 5.8 (j) (+740 mV) as in the 

previous two cycles at the same voltage polarity (+720 mV) shown in Figures 

5.8 (f) and (h). The polarity change at the same cycle (-740 mV) (see Figure 

5.8 (k)) results in a formation of the bridge with a symmetrical shape but 

with a smaller diameter in comparison to Figures 5.8 (g) and (i) which 

correspond to the same polarity as (k). To follow the changes in the NW in 

the experiment shown in Figure 5.8, i.e. the bridge location and its shape 

with respect to the applied voltage value and polarity, the images (a)-(k) in 

Figure 5.8 are rotated clockwise to bring the NW to a horizontal position 

and the NW area is cropped as shown in Figure 5.9. The images (a)-(k) in 

Figure 5.8 correspond to the images (a)-(k) in Figure 5.9, respectively.  

 

Figure 5.9. (a)-(k) images corresponding to the images (a)-(k) in Figure 5.8, 

respectively, rotated clockwise to bring the NW to a horizontal position. The In 

balls occurring on the right are used for exact alignment. 
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The insets in panels (a)-(k) in Figure 5.8 show phase contour maps 

with amplification factor (n=8) and taken at lower values of applied voltage 

(± 150 mV), where the Joule heating is negligible and material does not 

move because the current density is low. Those represent the difference in 

electron phase inside and outside the nanowire between 0 V and after each 

transformation. Although the phase inside the nanowire is not interpretable 

due to the changes in dynamic diffraction conditions caused by thermal 

induced bending of the nanowire, the phase outside the nanowire is 

proportional to projected electrical potential around it. Thus, the contour 

maps shown in the insets represent the projected equipotential lines. All the 

maps include the effect of perturbed reference wave meaning that the maps 

show the result of subtraction of two potential distributions on both sides of 

the biprism. Since the wire is between two parallel plate electrodes, the field 

produced by the electrodes will be subtracted and the remaining field will 

represent the modification introduced by the nanowire itself. Analyzing 

panels (b)-(k) in figure 5.8 one sees that once the bridge is formed most of 

potential drop happens in that region, resulting in the equipotential fields 

localized at the bridge. The closure of the contours in the contact regions 

that is seen for some of the maps is due to the effect of projection (similar to 

that described in [20]). Also looking closer at the equipotential maps one 

may recognize an asymmetry with respect to nanowire axis and an 

asymmetry with respect to the polarity reversal (see insets pairwise (b)-(c), 

(c)-(d), (d)-(e) and etc.). The first one comes due to the effect of perturbed 

reference wave, which results in the asymmetry with respect to the biprism, 

which is inclined by about 10 degrees to nanowire axis. The second 

asymmetry (i.e. difference in equipotential contour appearance when the 

polarity is switched) may be explained if the charge accumulation is not 

symmetric. That would mean that depending on the direction of the current 

the size of the dipole corresponding two charges accumulated on different 

sides of the bridge is different: it is larger for the electron current flowing 

downwards (Figure 5.8 (b), (d), (f), (h), (j)) and smaller for the electron 

current flowing upwards (Figure 5.8 (c), (e), (g), (i), (k)).  That can happen 

only in the case if the mobility or concentration of the carriers for one of the 

regions below the bridge is different from the one above. This may have to 

do with the polarity during the first voltage sweep when the degradation of 
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wire takes place. The slight change in chemical composition or defect 

density may result in change of the carrier concentration or mobility.   

From I-V data we find that the resistance of the NW configuration 

after the first voltage half-loop of the first cycle shown in Figure 5.8(b) is 

increased for ≈ 21% comparing to the resistance of initial NW configuration. 

After a second half-loop of the first cycle, the resistance is increased for ≈ 

83-84 % compare to the initial resistance of the NW. From the phase images 

and I-V data we can conclude, that the increase of the resistance is due to 

the bridge formation in the NW. 

The material transport is observed inside the InO shell. It is 

commonly observed that, after the electrical breakdown of the InAs NW, the 

InO shell is present and remains unchanged, meaning that it is strong. To 

observe any changes in a composition along and across the nanowire shown 

in Figure 5.8 (k), we performed quantitative EDX mapping. Figure 5.10 (a) is 

a low magnification HAADF image of the NW configuration after five applied 

voltage cycles shown in Figure 5.8. Figure 5.10 (b) is a quantitative EDX 

map which corresponds to Figure 5.10 (a) and shows the distribution of 

both In and As elements in the NW. The indium rich regions are located 

near the electrodes near the surface of InAs NW. At the bridge location we 

observe many As-rich material inside the shell. Figures 5.10 (c) and (d) are 

a HAADF image and the corresponding EDX map image showing the part of 

the NW with the bridge. Figures 5.10 (e) and (f) are line profile spectra 

across and along the NW at the bridge location as indicated in Figure 5.10 

(c) by blue and purple arrows respectively, showing distribution of In and As 

elements. From Figure 5.10 (f), we can only conclude that the composition 

of the bridge is similar to that of the grown (refilled) part of the NW. 

However, due to the presence of InO shell we cannot give the exact number 

of atomic concentration of In and As elements.  

In the experiment presented in Figure 5.8 we showed that it is 

possible to modify the geometry of the nanowire by forming a thin bridge 

under an influence of an applied electric field. Moreover, the position of this 

bridge can be changed during a voltage cycle under the electrode polarity 

change. In this experiment we could place the bridge at a specific location 

by an accurate choice of the voltage for each following cycle. If we observe 
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visible changes in the NW after first voltage cycle and apply the second cycle 

with the same or higher voltage value, the NW usually breaks at the 

constriction (bridge) location. Applying lower voltages after the bridge 

formation in the NW enables the transport of the bridge along the wire.  

 Figure 5.10. (a) Low magnification HAADF image of the InAs NW configuration 

after five applied voltage cycles shown in figure 5.8. (b) A quantitative EDX map 

acquired from (a) and shows the distribution of both In and As elements in InAs 

NW. The In and As elements are shown by red and green colours, respectively. 

(c)-(d) HAADF image and corresponding EDX map showing the enlarged part of 

the NW containing the bridge, respectively. (e)-(f) line profile spectra across and 

along the NW at the bridge location as indicated in (c) by blue and purple 

arrows, respectively.  

It is remarkable that the resistance of the nanowire after the fifth 

applied voltage cycle has almost the same value as that after the first 

voltage cycle (0.95 % difference), since one would expect an increase in 

resistance due to a lot of material migration inside the nanowire (bridge 

relocation) under an applied electric field, which can lead to a creation of 

different structural defects. Moreover, from EDX data we find that there is 

no obvious compositional variation along the NW after several voltage 

cycles. We observe that there is very less indium near the bridge location, it 

is accumulated near the electrodes, while As particles remain in the InO 

shell around the bridge. All this might indicate that there is no diffusion of 

As or it is insignificant through the InO shell and the As material remains 
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inside of the shell. Also, the amount of indium near the electrodes is defined 

mostly by the first cycle, because this voltage cycle has the highest value of 

applied voltage among all five cycles. It is also in agreement with the fact 

that the resistance does not change visibly between the first and the last 

cycles.  

We propose that the mechanism of electrical breakdown of InAs 

NWs is likely the following. First, when a voltage is applied, current induced 

Joule heating leads to a local decomposition of InAs NW according to 

reaction: 

2InAs → 2In(s) + As2(g), 

which is observed at the current density of about 7×105 A/cm2 and 

facilitates In atoms movement from the hot area near the surface between 

the NW and an amorphous skin caused by electromigration, whereby As 

sublimates. In [21] it is reported on threshold current density for 

electromigration in pure indium thin films (100 nm thick) on SiO2-layer 

which is about 1.40×104 A/cm2 at temperature of 399K. When the bridge is 

formed, the local current density flowing through it is about (1.5-6)×107 

A/cm2. This value is two order higher than the value needed for the start of 

decomposition. So, the local Joule heat at the bridge is expected to be 

bigger. Therefore, one would expect the breakdown to take place, however, 

we don’t observe it. On the contrary, the bridge relocates when polarity is 

switched and gets a similar tapered shape (see Figure 5.8). We assume that 

this situation takes place because the InO shell together with the InAs NW 

can be considered as a closed system, where there is no loss of sublimated 

As or it is insignificant through the InO shell. It is likely that the 

mechanism of the bridge migration (relocation under a polarity change) is 

electromigration phenomenon. Indium atoms driven in the direction of 

electron current probably electromigrate on the surface of the bridge 

forming an indium layer (in fact a layer of flowing In atoms) around the 

bridge. Most of the current is passing through this indium layer and thus 

the current through the InAs bridge is relatively small. This layer can serve 

to protect the bridge from As sublimation and the subsequent breakdown. 

The direction of indium migration is opposite to the direction of bridge 
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movement. Indium, previously formed near the anode side, moving to the 

new anode under a polarity change, probably reacts with As according to: 

2In(s) + As2(g) → 2InAs(s). 

Thus, the In atoms moving to the anode side react with As atomic gas and 

this results in the formation of InAs material at the adjoined part of the NW 

in the direction of electron flow and, consequently, removal of the material 

from the adjoined NW part in the direction opposite to an electron flow, 

which results in the bridge movement to the cathode side. The tapered 

shape of the bridge (Figure 5.8 (b), (f), (h)) can be a result of a temperature 

gradient along the wire. Indeed, the shape of the bridge is tapered towards 

the contact pad, which is a heatsink in this case.   

5.4. Conclusions 

 In this chapter we presented in situ TEM/STEM and TEM 

holography experiments on electrical breakdowns of InAs NWs while 

simultaneously recording the I–V properties. We showed that, by selecting 

the voltage and the rate of voltage ramp in a “loop”-type of applied voltage, it 

is possible to modify the geometry of the nanowire by forming a thin bridge 

under an influence of an applied electric field. Moreover, the location of this 

bridge in the nanowire can be changed during a voltage cycle under the 

electrode polarity change. We showed that it is possible to place the bridge 

at a specific location by an accurate choice of the voltage for each following 

cycle. From EDX data we found that the composition of the bridge and the 

adjoined parts of the NW are similar. From holography data we have 

deduced that the local variations of the resistance in the nanowire are at 

the bridge location, which is the most resistive part of the NW. We proposed 

the possible mechanism of electrical breakdown in InAs NWs, which is a 

combination of electromigration, decomposition due to Joule heating and 

presence of InO shell.  
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6.1. Introduction 

Electromigration is a phenomenon of material transport caused by 

momentum transfer from conducting electrons, moving in the applied 

electric field, to the lattice ions [1]. Electromigration is known to be a 

serious reliability issue in micro- and nanoelectronics since it can cause 

significant degradation of thin metallic nanowires (NWs) when an electrical 

current of high density (exceeding curtain threshold value) is passed 

through the wires [2,3]. However, despite the destroying influence of 

electromigration on nanoelectronics, which results in irreversible changes of 

wire’s geometry and microstructure and subsequently can lead to a 

breakdown, electromigration can be applied for controlled nanoscale 

modification of the wires. In a research field of nanofabrication, 

electromigration is well utilized technique to produce nanogap electrodes – a 

pair of metallic electrodes with several nanometers (1-10nm) of separation 

[4-8]. These nanogap electrodes can be used for single molecule electronic 

experiments [9], to measure separate nanocrystals [5, 10, 11], as sensors 

for biomedical applications [12]. 

When producing nanogap electrodes to study the properties of 

trapped nano-objects, the main issue is the control of the size and shape of 

nanogaps. The use of conventional electromigration (bias-ramping 

electromigration (BRE)) technique with a standard voltage ramp for nanogap 

formation often results in instantaneous and unpredictable changes in the 

NW geometry leading to its random failure and shape of the electrodes 

caused by rapid changes in current density and temperature of the NW at 

the last stage of breakdown. In order to obtain reproducible and stable 

nanogaps a good control of the currents causing electromigration should be 

performed. One of the possibility is to apply a feedback-controlled 

electromigration (FCE) technique based on feedback algorithm which 

monitors the resistance of the NW and as soon as a sudden change is 

occurred the applied current is reduced or switched off. The feedback 

mechanism allows to obtain a good repeatability of the nanogap dimension 

and its shape [13,14].  

Possibility to fabricate NWs on freestanding silicon nitride (SiN) 

membranes which are transparent to high-energy electrons allows 
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transmission electron microscopy (TEM) observation of dynamics of 

nanogap formation (in situ TEM), direct relation of nanogap purity with no 

metal particles left in the junction which can cause parasitic conductance, 

reproducibility and stability of the nanogaps over time. There is a number of 

reports on in situ TEM visualization of nanogaps produced by FCE 

technique in gold (Au) NWs since this material is well utilized in molecular 

electronics [14-16]. The average nanogap size in Au NWs is about 5-6 nm 

and it slightly increases with the time due to the surface tension of Au 

tending to smooth out the features. Also, there are several reports on 

fabrication of platinum (Pt) nanogaps which seem to be more stable over 

time than the Au type and their average size is about 2-4 nm [17,18]. Also, 

the fabrication of small and stable nanogaps by FCE using AuPd NWs is 

reported including resistance measurements and scanning electron 

microscope (SEM) imaging to give an indication of the separation between 

the electrodes [7]. However, a resistance measurement does not provide a 

reliable method of characterizing nanogaps as well as SEM-imaging due to 

the resolution is low to characterize the shape and the size of the gaps. 

Currently, it has not been reported yet 

In this Chapter we present in situ (S)TEM investigation of gap 

formation in AuPd NWs using BRE and FCE techniques. Moreover, the time 

stability of electromigrated nanogaps obtained by both techniques is 

analyzed.  

6.2. Experimental 

Polycrystalline metallic AuPd NWs (or nanobridges) with the 

thickness of 15 nm were produced by e-beam evaporation on 100-nm-thick 

silicon nitride membrane substrates. The AuPd NWs were 500-800 nm long 

with a width of 200-250 nm. The contacts to the NW were prepared by e-

beam evaporation from gold source on top of contact pads of AuPd NWs. 

The contacts were made with a 97 nm-thick Au-layer and a 3 nm-thick Cr. 

The patterns for AuPd nanobridges and Au contacts were written using e-

beam lithography. The detailed description of chip fabrication process is  
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given in section 2.2 of Chapter 2. Each 3x3 mm2 chip contains 20 AuPd 

NWs with electrical contacts. 

For in situ electrical measurements, the chip is fixed and wire-

bonded to Al2O3 chip carrier which is placed into TEM holder for electrical 

measurements connected to an electrical setup. The image of the holder tip 

is shown in figure 2.12 of Chapter 2. The description of electrical setup is 

given in section 2.3.2 of Chapter 2. We performed electromigration 

experiments on AuPd nanobridges using two different modes: bias-ramping 

electromigration (BRE) mode with an uniform increase of voltage and 

feedback-controlled electromigration (FCE) mode. In the bias-ramping mode 

the bias voltage applied to the AuPd NW increases linearly with the ramp of 

15-20 mV/s up to the maximum set voltage value Vmax or to V<Vmax where 

NW is broken. If the NW is not broken at V=Vmax, the voltage is decreased 

with the same ramp to 0 V and then, increased to negative voltage range to 

V= -Vmax, followed by a decrease back to the starting point of 0 V. Thus, the 

corresponding I-V curve of one electrical measurement in the bias-ramping 

mode represents a “voltage loop” (or  “voltage cycle”). If the NW is not broken 

after one voltage cycle, next voltage cycles are applied with slight increase of 

the maximum set voltage value until the NW breaks. In FCE mode the 

conductance of the wire is constantly monitored while the voltage increases. 

If there is a sudden decrease in conductance (the measured conductance 

value is less than the curtain predefined value), the feedback control 

mechanism reduces the voltage to a small value. When a new reference 

conductance is set, this process starts again. The feedback control 

algorithm stops when a set conductance value is reached.  

The electromigration process of AuPd NWs was investigated by in 

situ (S)TEM techniques using a FEI Titan microscope operating at 300 keV. 

Camtasia Studio software [19] was used to record the movies corresponding 

to in situ TEM electrical measurements directly from the computer screen 

with the frame rate of 10-15 fps. TEM Imaging & Analysis (TIA) software 

was used to record STEM movie with a frame rate of 2 fps. 
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6.3. Results and Discussions 

Figure 6.1 presents snapshots taken from in situ STEM movie 

showing a typical nanogap formation in AuPd NWs using a BRE technique. 

Figure 6.1 (a) represent an initial image of the AuPd NW in the shape of the 

bridge between contact pads. As-fabricated AuPd bridge (length 750 nm, 

width 250 nm, thickness 15 nm) is polycrystalline and consists of small 

grains with an average size of 3 - 5 nm. To describe the changes in the 

bridge with respect to its geometry, the black arrows are drawn to indicate 

the axis: x and y are along the bridge length and width respectively, z is 

perpendicular to (x,y)-plane. The rest of the images in figure 6.1 

corresponds to seven voltage loops. Figure 6.1 (b) corresponds to image 

acquired after first voltage cycle with the applied voltage value of 400 mV. 

The grain size in the bridge is visibly increased due to Joule heating. When 

the voltage is increased to 430 mV in the second voltage cycle, the bridge 

narrows near the cathode side in y-direction and small hillocks can be 

observed near the anode side (figure 6.1 (c)). To indicate the direction of 

electrons and, thus, the electrode polarity, the white arrows are drawn in 

the images (cathode side (–) and anode side (+)) (along x-direction). At the 

moment when electromigration starts the current density is about 4.7×107 

A/cm2. When the voltage is increased to 450, 470 and 480 mV in the third, 

fourth and fifth voltage cycles respectively, the shape of the bridge 

represents a distorted structure with thinner and thicker regions (along y-

direction) which are changed depending on direction of electron flow (figure 

6.1 (d)-(g)). The bridge always constricts near the cathode side and when 

polarity is changed the narrowed areas being formed near ex-cathode are 

refilled (now it is the anode side) and a new narrowing (thinner region or 

constriction in y-direction) forms near new cathode side. Images shown in 

figures 6.1 (h)-(j) correspond to the sixth voltage cycle and (k)-(l) to the 

seventh cycle. Despite the presence of the constriction (along y-direction) in 

figure 6.1 (h) near the cathode, under opposite configuration of electrode 

polarity it is refilled and a new constriction is formed in a shifted position – 

close to the centre of the bridge and not near the cathode side (see figure 

6.1 (j)). One would expect that the breakdown will occur in the narrowest 

part of the bridge since the current density is the highest there as well as 
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Figure 6.1. Snapshots taken from in situ STEM movie showing a typical 

nanogap formation in AuPd NWs using a BRE technique. (a) An initial image of 

AuPd NW in the shape of the bridge between contact pads. (b) Image of the 

bridge after 1st voltage cycle (± 400 mV). (c)-(g) Images showing evolution of the 

bridge during 3rd, 4th and 5th electromigration cycles with the set voltages of 450, 

470 and 480 mV. (h)-(j) Images acquired during 6th electromigration cycle and 

(k)-(l) correspond to 7th cycle. (m) Image of the nanogap and (n) is a typical I–V 

curve showing several voltage cycles. White arrows indicate the direction of 

electrons (from cathode (–) to anode side (+)). 
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temperature is expected to be the highest, however, the change in the 

direction of electrons leads to a reverse of atomic flow in the direction of 

electrons and filling of the constriction near the ex-cathode. The position of 

the constriction which is close to the centre of the bridge in figure 6.1 (j) 

might be explained by the fact that when bridge is deformed, the 

distribution of mechanical and thermal stresses is not uniform as for the 

initial configuration of the bridge. When the voltage is increased to 500 mV 

in the last voltage cycle, the bridge breaks near the negative electrode. A 

magnified image of the nanogap with the size of 4.12 nm is shown in figure 

6.1 (m). The electrodes on both sides of the nanogap have an asymmetric 

shape. The tips of the electrodes have the same crystal orientation and 

originates from a single grain. The results on nanogap formation using a 

BRE technique shown in figure 6.1 are similar for all studied AuPd 

nanobridges (18 nanobridges). A typical I–V curve of voltage cycles is shown 

in figure 6.1(n).  

 Figure 6.2 shows TEM images acquired during electromigration 

process in AuPd NW using FCE technique. The initial view of the bridge 

before the electrical measurements is shown in figure 6.2 (a). In figure 6.2 

(b) a slight grain growth is observed to start prior to electromigration. The 

grain growth is occurred due to the temperature rise in AuPd NW which is 

current-induced Joule-heating. The nanowire starts to thin down close to 

the cathode side and the grain growth progresses. When the 

electromigration starts, the current density is about 4.9×107 A/cm2. As can 

be seen from figure 6.2 (c)-(f), the continuously narrowing neck has an 

asymmetrical shape.  In the last stage of electromigration a tiny neck is 

formed as shown in figure 6.2 (g)-(h). As a result, a nanogap is formed 

(figure 6.2 (i)). The size of the nanogap is about 1.72 nm. A typical I–V curve 

of FCE process in AuPd NWs is shown in figure 6.2 (j). The nanogap 

formation presented in figure 6.2 is similar to all studied AuPd nanobridges 

using FCE technique (22 nanobridges). 

 The presented two electromigration modes used for fabrication of 

nanogap electrodes show that the nanogap with the size less than 5 nm can 

be obtained by both techniques. When FCE mode is applied, the nanogap is 

always created near the cathode side. However, in case of BRE mode the 

nanogap can be formed near the cathode or close to the centre of the bridge. 
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Figure 6.2. TEM images showing FCE process in AuPd NW. (a) Initial view of the 

bridge, (b) grain growth in the bridge, (c)-(f) process of nanowire narrowing, (g)-

(h) the last stage of electromigration in the neck, (i) a typical nanogap, (j) a 

typical I–V curve of FCE process in AuPd NWs. 
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Figure 6.3. TEM images of nanogap electrodes formed by BRE and FCE 

techniques showing the shape of the electrodes and the sizes of nanogaps; (a)-(d) 

nanogaps formed by BRE and (e)-(h) nanogaps created by FCE techniques. 

The exact location of nanogap is difficult to predict since at the moment of 

bottle-neck shape formation at the bridge since it is significantly deformed 

and has an asymmetric shape. The nanogap electrodes created by both 

electromigration techniques show an asymmetry in their shape. However, 

the tips of the electrodes obtained by BRE and FCE techniques show a 

symmetry in a small scale approach (10-15 nm). In BRE mode both 

electrode (cathode and anode) tips have an approximately point-like shape, 

sometimes the cathode electrode tip has more flat or rounded shape. In FCE 

both electrode tips have always point-like shape (in several nanometers 

approach). In figure 6.3 several nanogap electrodes formed by both 

electromigration techniques are shown where the shape of the electrodes as 

well as nanogap sizes can be seen. In [15] Heersche et al studied the 

nanogap formation in situ TEM in a gold nanowire by FCE technique. They 

showed that in case of gold material, the electrodes have a sharp tip at the 

cathode side and a blunt tip at the anode (at the scale of several 

nanometers). They mention that this shape of the electrode tips might be 

due to that the direct force of electric field become dominant and very high 

near the gap at the instant the Au NW breaks, which can result in a quick 

deformation of the electrodes and in a backflow of material. Their data are 
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also in agreement with report on the shape of electrode tips of Strachan et 

al [16]. Also, in [16] the influence of the shape of electrode tips on the 

stability of nanogap is analysed by investigating their time evolution with 

TEM. It is found that the nanogaps are expanded over time and the 

locations of greatest curvature are smoothed out, which is attributed to the 

surface tension of the Au tending to smooth out the abrupt features. Their 

report on nanogap evolution after electromigration is found to be also 

consistent with the report of Zandbergen et al [20] on continued relaxation 

of Au nanogaps made by electron beam bombardment even after an intense 

e-beam irradiation is completed.  

To determine the time stability of AuPd nanogaps created by both 

electromigration techniques, we acquired TEM images directly after 

nanogap formation and after one week. The size distribution functions of 

just created nanogaps by BRE and FCE techniques are shown in figure 6.4 

(a) (18 nanobridges) and (b) (22 nanobridges) respectively. The average 

nanogap size for nanogaps created by BRE mode is 3.5-4 nm and for 

nanogaps fabricated by FCE is1.5-2 nm. After experiments the chips with 

nanogap electrodes were left at room temperature and after one week we 

carried out TEM inspection of all fabricated nanogaps using two 

electromigration techniques to investigate their stability. No changes in the 

shapes of electrodes and the sizes of the nanogaps were detectable for all 

fabricated structures.  

 

Figure 6.4. The size distribution functions of just created nanogaps by (a) BRE 

and (b) FCE techniques. 

 

a b 
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 As one can see from figures 6.1 and 6.2, when current is passed 

through the bridge, the void formation starts always near the cathode side 

and not in the centre of the bridge, as one can expect considering that the 

maximum temperature is in the centre, given that the contact pads are 

equal, have much larger dimensions than the bridge and can be considered 

as two heatsinks. In [21] to determine the local increase of Pt-bridge 

temperature due to Joule heating during current passage, a thin layer of 

bismuth (15 nm) was deposited (material with low melting temperature 

(≈270 °C)) on the backside of SiN membrane under the Pt-bridge. It was 

shown that the melting of Bi starts at the centre of the structure and not 

near the cathode side where the breakdown is usually occurred. The 

electrical breakdown near the cathode side is usual observation in metal 

NWs (nanobridges) with uniform cross section and, thus, current density. In 

our experiments the nanobridge is always connected to large contact pads, 

which means that if the current density of ≈ 5×107 A/cm2 (approximately at 

this value we observe electromigration in AuPd) is flowing through the 

bridge, for contact pads this value is ≈ 4×106 A/cm2. Due to this, the 

current density follows a step function profile at the entrance to the bridge 

and the temperature along the bridge will be higher than at contact pads. 

Consequently, the material which is pushed away by the momentum 

transfer between the conducting electrons and lattice ions from the cathode 

side cannot be refilled by the atomic flow coming from the contact pad. 

Along the straight bridge the current density is constant (until the shape of 

the bridge is close to initial configuration) and the atoms pushed away 

along the bridge will be replaced by the atoms coming from the cathode. 

Near the anode side the material will be accumulated due to  connection to 

the contact with larger area, so the electron wind force becomes 

significantly less. Moreover, since electromigration is thermally activated 

process, near the positive large contact electrode the temperature is 

supposed to be small. Also, in [22] it is reported on experiment in which Au 

bridge with the constriction was fabricated between two large contact pads 

in order to enhance the current density and create a hot spot at a 

predefined position (constriction position). It was expected that 

electromigration would result in a break position at this constriction, 



In situ TEM visualization of electromigration-induced nanogap 

formation in AuPd nanowires 

114 

 

however, it was not observed – the breakdown was occurred near the 

cathode side.  

The shape of the electrodes (not electrode tips) after the nanogap 

formation is different for the cathode and anode sides in both 

electromigration modes. In case of BRE mode the electrode shape is hard to 

predict, its appearance is always different due to the way of voltage applying 

– “loop” way, which means that material is transferred from one side to 

another during one experiment due to polarity change. Moreover, since for 

each cycle we set a maximum voltage value, the program does not stop if 

any change in resistance is detected and it provides less control during 

bias-ramping mode. In FCE mode the electrodes have always a blunt 

cathode electrode and a pointed-like anode side. Figure 6.5 shows several 

typical images of electrode shapes in FCE mode. As well as in BRE mode, 

the location of constriction formation is close to the cathode side.  

 

Figure 6.5. TEM images of typical electrode shapes formed by FCE technique in 

AuPd NWs. 

When material is partly removed from the cathode side by 

electromigration, the temperature distribution is expected to change. We 

assume that the maximum of temperature should be shifted to the cathode 

side due to expected higher resistance value at this area. Figure 6.6 shows 

a schematic illustration of expected temperature and current density profile 

for initial configuration of the bridge and after some material removal from 

the negative electrode. Being a thermally assisted directional mass 
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transport, electromigration will move the atoms with higher kinetic energy 

(hotter place) easier to the anode side. Near the cathode side the 

temperature will drop faster due to the cathode heatsink proximity, while 

for the anode side the temperature will drop slower. Once a constriction is 

formed, the temperature distribution will have an additional peak due to 

 

Figure 6.6. A schematic illustration of expected temperature and current 

density profile for initial configuration of the bridge (a) and after some material 

removal from the negative electrode (b), where T and j is the temperature and 

current density, respectively. 

local resistance increase at the constriction. It is likely, that the further  

narrowing should be occurred at the constriction and this is what we 

observe in our experiment (see figure 6.2 (d)-(f)).  

TEM images showing the detailed process of the constriction 

formation in FCE mode are presented in figure 6.7. Figure 6.7 (a) is TEM 

image of the initial configuration of the bridge before the electrical 

measurements. Figure 6.7 (b) is TEM image showing the grain growth under 

an applied voltage due to Joule-heating prior to electromigration. TEM 

images with higher magnification taken from the area indicated by black 

square in figure 6.7 (b) and showing the electromigration process in FCE 

mode are presented in figure 6.7 (c)-(j). We have found that during the 

constriction formation, TEM image showed in figure 6.7 (f) is typical for the 

studied nanobridges, when a single grain surrounded by several grain 

boundaries is present in the narrowest area. It was expected that continued 

narrowing of the bridge due to electromigration would occur along the grain 

boundary which is typical for observed phenomenon in gold [15] or 

platinum [18] nanobridges during FCE process. However, as one can see in 

figure 6.7 (g)-(j), further narrowing occurs inside the grain and not at grain 
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Figure 6.7. TEM images showing the detailed process of the constriction 

formation in FCE mode: (a) initial configuration of AuPd nanobridge before 

electrical measurements; (b) image showing grain growth during voltage 

applying; (c)-(j) images of the area indicated by black square in (b) and showing 

the electromigration process in FCE mode.  

boundary, which might indicate that the surface diffusion prevails in AuPd 

NWs. Under an applied electric field mass transport in polycrystalline metal 

NWs can occur through different diffusion paths of which the important 

ones are lattice diffusion, grain boundary diffusion and surface diffusion. 

The total material transport is determined by the sum of the mass transport 

taking place along each of these paths [23, 24]. Typically, the material 

transport through these paths is considered by setting an effective diffusion 

coefficient. The effective diffusion coefficient is determined by the dominant 

diffusion mechanism (by the fastest diffusion path). The dominant diffusion 

mechanism depends on several factors, like the temperature, the 

microstructure and the quality of the interface between the metal and 

adjacent layers. It is known that the lattice diffusion has the highest 

activation energy, being the slowest path for mass transport, while the 

activation energy for diffusion along grain boundaries and interfaces is 

lower. In general, surfaces have the lowest values of activation energy for 

electromigration, being the fastest  diffusivity paths. It was reported that in 

polycrystalline Al wires the electromigration takes place along the grain 

boundaries, even the surface activation energy for diffusion is smaller than 

for grain boundaries, due to Al has a tendency to protect its surfaces by the 

formation of aluminium oxide. However, in Cu lines, it is not so evident, 

because diffusion along interfaces appears as the dominant mechanism [1]. 
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In figure 6.7 (g)-(j) the observed narrowing inside a single grain can be 

explained by a surface diffusion. The choice of silicon nitride as a substrate  

material might play a role in enhancement of surface diffusion. In [15, 16] it 

is reported that nanogaps produced in gold nanobridges with silicon nitride 

substrates have a size of 5-6 nm, while in [25] it is reported on smaller 

nanogap sizes in gold structures fabricated on top of silicon oxide 

substrates. In [15] it is also mentioned that the explanation of difference in 

nanogap sizes might be due to difference in interaction of gold atoms with 

the silicon nitride surface compared to silicon oxide or aluminium oxide 

substrates. 

In the experiment shown in figure 6.2 when a tiny constriction with 

a length of several nanometers is formed (see figure 6.2 (g)), the electric field 

force on atomic lattice is also significant. The constriction will be the most 

resistive part of the bridge, so the voltage drop is expected to be at the 

constriction. Since at the last stage of breakdown the applied voltage is 

around 200 mV and the length of the constricted part is about 5 nm, the 

electric field is expected to be around 4×105 V/cm. The current density at 

the constriction is estimated to be 2×108 A/cm2. Comparing to initial 

configuration of the bridge at the moment when electromigration is 

observed, the electric field and the current density are around 104 V/cm 

and 5×107 A/cm2, respectively. It is obvious that the Joule heat per unit of 

volume (Q=E∙j, E is the electric field and j is the current density) will be 

higher in case of constriction. Due to this the temperature rise in the 

constriction area can be also significant, which in turn can create an atomic 

flow from high temperature regions to low temperature regions. However, we 

don’t observe any melting of material in the constriction during the 

experiment or material backflow at the moment of breakdown, the electrode 

tips have a point-like shape in FCE experiments. It indicates that there is a 

good heat dissipation due to surrounding massive AuPd material around 

the constriction. To describe the process of material migration at the scale 

of constriction dimensions in details more investigations are needed.   
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6.4. Conclusions 

We have performed in situ (S)TEM investigation of nanogap 

formation in AuPd NWs (in total 40 nanobridges). We have shown that the 

mechanism of nanogap formation differs between conventional and 

feedback-controlled electromigration modes. The average size of the 

nanogaps made by BRE and FCE technique is 3.5-4 nm and 1.5-2 nm 

respectively. We have analyzed the time stability of electromigrated 

nanogaps obtained by both techniques and the changes in the shapes of 

electrodes and the sizes of the nanogaps were not detected for all fabricated 

structures after one week.  
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7.1. Introduction 

In the past decade, interest in thin bismuth films has increased 

due to their unique properties in 2D geometry, such as finite-size effects, 

the quantum confinement effect [1-3] and the high-magnetoresistance effect 

[4-7]. It has been shown that low-dimensional bismuth can improve 

thermoelectric efficiency [8-15]. Moreover, recent theoretical [16-18] and 

experimental [19, 20] studies indicate that a Bi(111) bilayer is a topological 

insulator having intriguing electronic properties which, in turn, attract even 

more interest to thin bismuth films. 

The physical properties of thin metal films are highly affected by 

crystalline film imperfections such as grain boundaries (GBs) and grain 

sizes. Particularly in the case of bismuth, this effect is even stronger 

because the grain sizes are much smaller than the mean free path of the 

electrons. Therefore, much attention has been paid to fabricating bismuth 

thin films on different substrates by various growth techniques, such as 

molecular beam epitaxy [21-29], pulsed laser deposition [30], thermal 

evaporation [31-33], electrodeposition [34] and dc sputtering [35, 36] in 

order to enhance the quality of thin films and produce high-quality 

monocrystalline bismuth films. Electrodeposition, thermal evaporation and 

sputter deposition produce polycrystalline Bi films, the grain sizes of which 

depend on the deposition technique and substrate temperature, and the 

film quality can be improved by selecting optimal post-annealing conditions. 

An epitaxial growth of excellent quality can be obtained by molecular beam 

epitaxy. However, to grow a single-crystalline Bi film with a low density of 

defects, this fabrication technique requires that single-crystalline substrates 

of high quality and small lattice mismatch be selected. 

In this Chapter we show that it is possible to transform a 

polycrystalline thin film of Bi into a [111]-oriented single-crystalline area, 

whereby the unique feature is that the original thickness of the film is 

maintained and the substrate used in our experiments is amorphous. The 

single-crystalline area is created by heating the film close to the melting 

temperature and using an electron beam to melt and, subsequently, cool 

the film to create a “sandwiched” single-crystalline area. We provide details 

about grain growth and the process of forming the liquid. 
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7.2. Experimental 

Polycrystalline thin Bi films with thicknesses of 22–25 nm were 

deposited by electron beam evaporation at room temperature (RT) using a 

Leybold Heraeus L560 machine. High-purity bismuth (99.99%) was 

evaporated under vacuum conditions at 10-6 mbar with a slow deposition 

rate of 0.5 Å/s onto the back of the heating chips developed for in situ TEM 

heating experiments. Figure 7.1 (a) is a schematic illustration of a heating 

chip containing a Pt-heating coil embedded in a 400-nm-thick SiNx 

membrane. An optical microphotograph of the heating coil is shown in 

Figure 7.1 (b), and Figure 7.1 (c) shows the enlarged part of the heater. TEM 

imaging was performed on 20-nm-thick SiNx windows, see Figure 7.1 (c). 

The details of heating chip fabrication for in situ TEM studies are described 

in [37]. Before deposition of bismuth films, all the heating chips for the in 

situ TEM experiments were calibrated by means of a pyrometer. During the 

deposition process the thickness of the Bi film was controlled in situ by a 

standard gold-coated quartz crystal monitor. After deposition of the 

bismuth film, the heating chip was placed into an in-house-built TEM 

heating holder for in situ heating experiments. To prevent deep Bi oxidation 

upon exposure to air, the chip was transferred into the TEM within 1–2 

hours. 

 

Figure 7.1. (a) A schematic illustration of a heating chip used in in situ TEM 

experiments. The grey areas show the 400-nm-thick SiN membranes. (b) Optical 

microphotograph of the heating coil. (c) Enlarged area of the heating coil shown 

in (b).  

a 

b 

c 
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The in situ TEM heating experiments were performed with an FEI 

Titan microscope operated at 300 keV.  Real-time TEM and diffraction 

pattern (DP) movies showing the polycrystalline film transformation under 

in situ heating and electron beam bombardment were recorded with 

Camtasia screen recorder software from a FluCam screen and a Gatan 

camera. TEM images were acquired using a Gatan camera. 

7.3. Results 

7.3.1. Experiment 1. Modification of a polycrystalline to a 

monocrystalline Bi film by in situ TEM heating with a focused 

electron beam 

A bright-field TEM micrograph of the as-deposited bismuth film is 

shown in Figure 7.2 (a). One can see that the bismuth film is initially 

polycrystalline and consists of grains with well-defined grain boundaries 

(GBs). At RT the grain sizes of the as-deposited 22-nm-thick film are 

observed to vary from 30 to 170 nm. A DP (Figure 7.2 (b)) taken from the 

area presented in Figure 7.2 (a) shows that the initial as-deposited 

polycrystalline bismuth film consists of [111]-oriented grains rotated with 

respect to each other. Note that the [111] orientation of the grains is not 

imposed by the substrate because it is amorphous. 

 

Figure 7.2. (a) Bright-field TEM micrograph of as-deposited bismuth film. (b) 

Diffraction pattern of as-deposited bismuth film. 

a b 
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We performed in situ TEM experiments to investigate polycrystalline 

Bi film behavior subjected to heating. The temperature of the heating chip 

was gradually increased until morphological changes were observed in the 

polycrystalline Bi films. In addition, some of the Bi film was exposed to the 

electron beam to allow in situ observation of the changes. Figure 7.3 shows 

TEM images of the same Bi-film area acquired at different temperatures 

during this heating experiment. A TEM image of an as-deposited Bi film 

taken at RT is shown in Figure 7.3 (a). Figure 7.3 (b) shows a TEM image 

acquired at 160°C, and no changes can be observed. At 243°C (Figure 7.3 

(c)) the polycrystalline film shows small changes: the shapes of some grains 

and GBs have changed. For example, grains G1 and G2 in Figure 7.3 (a) 

have become smaller at 243°C, and the grain boundary (GB1) related to G1 

has become shorter, see Figure 7.3 (c). At 244.5°C, see Figure 7.3 (d), a 

contrast change near the triple junctions can be observed: these areas 

become darker. Increasing the temperature further to 246 and 247.3°C 

(Figures 7.3 (e) and (f), respectively) leads to similar contrast changes along 

the GBs, and the widths of the dark contrast areas at the triple junctions 

increase. Also, nearly each GB band has a dark contrast except low-angle 

GBs (LAGBs), see Figures 7.3 (e)–(f), where LAGB is a GB between two 

adjoining grains with a small misorientation angle (θ < 11°). As this 

misorientation is provided by an array of dislocations in a periodic row, 

LAGBs have a different contrast in TEM and can be easily distinguished 

[38]. At 248.6°C (Figure 7.3 (g)) the grains are smaller and roundish in 

shape, and the dark GB bands have grown wider. With increasing 

temperature, grain sizes decrease rapidly and most of them disappear, 

whereas the GB bands expand considerably. When the temperature was 

increased to 249.7°C, grains and GBs were no longer observable, and the 

contrast of the entire field of view was nearly homogeneous. At that 

moment, the temperature was immediately decreased to RT, and a TEM 

image and a DP (Figures 7.3 (h) and (i)) were taken of this area. Both show 

that the area is monocrystalline [111]-oriented Bi.  

We attribute the changes in the shapes of the grains and GBs to 

GB melting [39–41]. The melting starts at triple junctions and, as the 

temperature rises, extends along the GBs, thus forming a molten phase  

http://www.lingvo-online.ru/en/Search/Translate/GlossaryItemExtraInfo?text=%d0%be%d0%ba%d1%80%d1%83%d0%b3%d0%bb%d1%8b%d0%b9&translation=roundish&srcLang=ru&destLang=en
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Figure 7.3. TEM images showing the transformation of the bismuth-film area 

occurring at different temperatures during the heating experiment. (a) TEM 

image of as-deposited Bi film taken at RT. (b)–(g) Images of the same bismuth 

film area as in (a) acquired at 160, 243, 244.5, 246, 247.3 and 248.6°C, 

respectively. (h) TEM image acquired at RT and showing changes in the same 

field of view that occurred at 249.7°C. (i) DP obtained from (h). Red arrows in (a) 

and (c) indicate the GBs that undergo changes under heating. Yellow arrows in 

(a) and (c)–(f) indicate the changes in the grains of interest. Purple circles 

indicate GB melting, and green arrows indicate the molten phase of Bi. 

(Figures 7.3 (e) and (f)). As we increase the temperature, the width of this 

molten phase along the GBs increases, and the molten phase forms a 

connected network surrounding almost all the original grains except the 

ones that have disappeared, see Figure 7.3 (g). The contrast of the molten 

a b c 
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phase indicated by green arrows in Figure 7.3 (g) originally indicates a 

higher-density phase, which agrees well with the fact that liquid Bi has a 

higher density than solid Bi. Remarkable — and in contrast to the common 

behavior in grain boundary melting — is that the thickness of the Bi film 

does not change significantly. This observed phenomenon is relatively 

unique because thin films are generally metastable in the as-deposited 

configuration and tend to dewet or agglomerate to form islands when heated 

even below a film’s melting point [42]. 

 To observe the changes in the entire film after the heating 

experiment, we acquired a TEM image at low magnification, Figure 7.4 (a). 

The area marked by the yellow circle was exposed to the electron beam. The 

segment of the film indicated in purple corresponds to the monocrystalline 

Bi film. Outside this segment, the film remained polycrystalline. Thus, the 

electron beam obviously affects the microstructure of the Bi film. Figure  

7.4 (b) is a HRTEM image of a bismuth film taken from the area indicated 

by blue square in figure 7.4 (a) and shows that Bi is single crystalline and 

[111]-orientated. 

 In Figure 7.4, no Bi film can be observed at the bottom right of the 

picture (only SiNx) because there is a slight temperature gradient along the 

heating chip. As bismuth is very sensitive near its melting temperature, 

even temperature variations for 0.1–0.3°C can lead to melting and droplet 

formation. 

To determine the melting temperature of a 22-nm-thick Bi film, we 

performed a heating experiment with and without minor effects of an 

electron beam by spreading it over an area of 5 μm in diameter. Heating 

chips were calibrated in order to determine the melting temperature 

accurately prior to depositing the Bi film. GB melting occurred at 242–

244°C and the Bi film collapsed completely at 250.5-251°C, which is 

approximately 20°C lower than for the bulk Bi and can be attributed to the 

melting-point depression effect, i.e. the phenomenon of reduction of the 

melting point of a material with reduction of its size [43].  The decrease in 

melting temperature can be on the order of tens to hundreds of degrees for 

metals with nanoscale dimensions [44–47]. 
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Figure 7.4. (a) TEM image presenting an overview of the area transformed into a 

[111]-oriented Bi film under heating and electron-beam irradiation. The e-beam 

position is indicated by the yellow circle. The border between the 

monocrystalline and the polycrystalline regions of the Bi film is shown in purple. 

(b) HRTEM image of the Bi film taken of the area indicated by the blue square in 

(a) and corresponding to [111] orientation. 

7.3.2. Experiment 2. Modification of small areas (60–200 nm in 

diameter) of a polycrystalline to a monocrystalline Bi film by 

in situ TEM heating and electron beam heating 

In this experiment we show that by in situ heating and, 

additionally, focusing the electron beam to smaller diameters, it is possible 

to change small areas (several grains) of a polycrystalline Bi film into a 

[111]-oriented monocrystalline film where the electron beam is applied. As 

in the experiment described in Section 7.3.1, the thickness of the Bi film 

deposited on the back of the heating chips was 22 nm. The temperature of 

the heating chip was gradually increased, the electron beam was focused to 

200 nm in diameter, and a randomly chosen area of the Bi film was exposed 

to the electron beam during the heating experiment. 

a 

b 
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Figure 7.5. TEM images showing the structural changes that occur under in situ 

heating and beam heating conditions. (a) TEM image of the as-deposited Bi film 

area acquired at RT. (b)–(f) TEM images acquired at 247, 247.5, 248.5, 249.1 

and 249.5°C, respectively. (g) Image acquired at RT after Bi-film recrystallization. 

(h) DP taken from the area shown in (g) corresponding to the [111]-oriented Bi 

film. (i) TEM image acquired at low magnification to give an overview of the 

changes in the film. The position of the electron beam during the heating 

experiment is indicated by a yellow circle. 

 Figure 7.5 shows TEM images acquired during this experiment. 

Figure 7.5 (a) is a TEM image of an as-deposited Bi film area at RT. At 247 

and 247.5°C we observe the melting of GBs starting at triple junctions, see 

Figures 7.5 (b) and (c), respectively. A further increase in temperature to 

248.5–249.1°C causes some grains to melt and the molten phase surface 

square to increase, see Figures 7.5 (d) and (e). At 249.5°C we observe no 

a b c 
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grains but only a molten phase in the field of view, see Figure 7.5 (f). At this 

moment the temperature was decreased to RT and the TEM image was 

acquired (Figure 7.5 (g)). The DP (Figure 7.5 (h)) obtained in the area shown 

in Figure 7.5 (g) shows that this area is a [111]-oriented Bi film. The TEM 

image acquired at low magnification (Figure 7.5 (i)) presents an overview of 

the changes in the film. The position of the electron beam for Figures 7.5 

(a)–(g) is indicated by the yellow circle. The area outlined by a purple line is 

the area of the [111]-oriented film. One can find that outside of this area the 

film  is remained polycrystalline.  

In this experiment the temperature of the film is slightly lower (0.1–

0.2°C) than in experiment described in Section 7.3.1. This difference might 

occur for two reasons. First, in this area the grain orientations might  

accidentally tend to form a single crystal faster. Second, the e-beam current 

density was approximately 10 times higher in Experiment 7.3.2 than in 

Experiment 7.3.1. To exclude the fact that we could choose an area with 

grains that tend to form single crystals rapidly, we performed several similar 

heating experiments and observed that the transformation occurred every 

time at the same temperature. Thus, the origin of the temperature 

difference between these two experiments can be explained by slightly 

greater e-beam heating due to an increase in the e-beam current density 

described in Section 7.3.2.  

The two experiments shown in Figures 7.3 and 7.5 show that the e-

beam causes a local temperature increase. Specimen heating by electron 

beam is difficult to measure experimentally because of many variables, 

such as thermal conductivity, thickness, surface condition of the specimen 

as well as the energy, current and size of the electron beam. In [48] it was 

shown that the temperature rise in TEM specimens can be very high due to 

the influence of the electron beam. Particularly in the case of materials with 

low thermal conductivity, the temperature increase might be significant 

because the heat dissipation is slow. Owing to this, there is a colder film 

environment outside the heated area of the film with low thermal 

conductivity.  
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In [49] Hobbs calculated the effect of the temperature rise in the 

specimen depending on thermal conductivity and the electron beam 

current. From these calculations one can see that, for metals and other 

good thermal conductors, i.e. for Au k=314 W∙m-1∙K-1, for Cu k=385 W∙m-

1∙K-1, and for diamond k=1000 W∙m-1∙K-1, the temperature rise due to the 

electron beam is very small (≤0.1°C). In the case of bismuth, which has a 

thermal conductivity of k=7.97 W∙m-1∙K-1 for an electron beam current of 10-

9-10-10 A, the temperature rise should be approximately 0.2–0.3°C. In 

addition,  Egerton et al. [50] estimate that the temperature rise in a carbon 

film (k≈1.6 W∙m-1∙K-1) with a 5-nA stationary probe when the beam diameter 

decreases from 1 μm to 1 nm. For these diameters the current density in 

the probe (1 nm) increases by a factor of 106, but the temperature increases 

only from 0.5 to 1.4 K. 

7.3.3. Experiment 3. Diffraction pattern changes during in situ 

heating and electron-beam bombardment 

Several movies of the changes upon heating of the Bi film were 

recorded in diffraction mode, allowing us to see unambiguously the change 

from polycrystalline to amorphous/liquid and then into a single-crystalline 

film. As in the experiments described above, additionally to the MEMS-

based heating we focused a beam onto an area 200 nm in diameter of the 

bismuth film. While increasing the temperature of the heating chip, we 

recorded the DP movies. Snapshots taken from a DP movie are shown in 

Figure 7.6. The DP taken at RT is shown in Figure 7.6 (a) and corresponds 

to an as-deposited polycrystalline Bi film. Figure 7.6 (b) shows a DP image 

recorded at 246.5°C. Here we observe the presence of a diffusive ring inside 

the inner ring of DP corresponding to a liquid or amorphous phase due to 

the start of the GB melting process. Then, temperature increases to 247.2, 

247.8, 248.3 and 248.9°C (see Figure 7.6 (c)–(f)) increase the amorphous 

rings, indicating an increase of the liquid phase areas between the grains. 

The contrast of diffusive ring diffraction becomes more apparent and some 

of diffraction spots disappear, which means that some of the grains are 

transformed into the liquid phase, consistent with the TEM movies. When 

the temperature was increased to 249.6°C (Figure 7.6 (g)), we observed only 
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a thick diffusive ring and no crystalline reflections, indicating that only a 

liquid phase is present. When this was observed, the temperature was 

immediately (within 1 second) lowered to RT. The DP taken at RT is shown 

in Figure 7.6 (h), showing that the area is a single-crystalline film. Figure 

7.6 (i) represents the overlay result of two DP images taken at RT of an as-

deposited Bi film (Figure 7.6 (a)) and after heating (Figure 7.6 (h)). It is clear 

that this as-grown polycrystalline Bi film is highly textured and consists of 

[111]-oriented grains rotated with respect to each other. 

 

Figure 7.6. DP images taken from a DP movie recorded during a heating 

experiment with a 200-nm-diameter e-beam focused over the Bi film. (a) DP 

image acquired at RT corresponding to an as-deposited polycrystalline Bi film. 

(b)–(g) DP images corresponding to 246.5, 247.2, 247.8, 248.3, 248.9 and 

249.6°C, respectively. (g) DP image obtained after immediate temperature 

decrease from 249.6°C to RT, corresponding to a monocrystalline Bi film with 

[111] orientation. (i) Result of overlaying two DP images taken at RT of (a) an as-

deposited Bi film and (h) after heating. 
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7.3.4. Experiment 4. Dependence on film orientation with respect to 

the electron beam 

To determine whether the recrystallization process might depend 

on the orientation of the electron beam with respect to the bismuth film, we 

repeated the heating experiments with the sample tilted 25°. Figure 7.7(a) 

shows a TEM image of Bi film area after the recrystallization process during 

a heating experiment performed at a tilt of 25° with respect to the electron 

beam. The area indicated by blue line shows the recrystallized area. The 

yellow circle shows the position of the electron beam during the heating 

experiment and the DP image taken from that area is shown as the inset in 

Figure 7.7(b). The 25°-tilt DP shows that the orientation is not [111]. Then, 

the sample was tilted to 0°, see Figure 7.7 (c). The DP is shown in the inset 

in Figure 7.7 (d). DP corresponds to the [111]-oriented Bi film, showing that 

the recrystallization process does not depend on the orientation of the beam 

with respect to the film. 

 

Figure 7.7. (a) TEM image of Bi film area after recrystallization process occurred 

during the heating experiment performed tilted 25° with respect to the electron 

beam. The blue lines mark the recrystallized area and the yellow circle marks 

the position of the electron beam during the heating experiment. (b) The DP 

image taken from the area of the electron beam position is indicated in (a). (c) 

TEM image of the same area as (a) acquired after tilting the sample to 0°. (d) DP 

image obtained from the area indicated by the white circle in (c) corresponds to 

the [111]-oriented Bi film. 
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7.3.5. Experiment 5. “Shape memory” effect  

 Bismuth film 

We performed another heating experiment in which the 

temperature of the heating chip was increased to the GB melting point, but 

before the film transforms completely into a homogeneous state and 

reverses back to lower temperature values — to the point where no GB 

melting occurs. In this experiment the electron beam was spread over an 

area of 1 μm in diameter, so the effect of e-beam heating can be neglected.  

Figure 7.8 shows TEM images obtained during this experiment. Figure 7.8 

(a) corresponds to the TEM image showing an as-deposited polycrystalline 

Bi film heated to 200°C. At this temperature, no GB melting was observed. 

We gradually increased the temperature to 247.7°C and acquired the TEM 

image presented in Figure 7.8 (b) showing the GB melting process as the 

liquid phase network forms around the grains. Small grains transformed 

into the liquid phase. After we decreased the temperature to 200°C where 

the molten phase at the GBs has not yet occurred, see Figure 7.8 (c), some 

of the grains became bigger due to the grain growth process triggered by a 

temperature change from T ≤ Tmelting to T ≪ Tmelting and back. A second 

increase in temperature to 248–248.6°C (Figures 7.8 (d) and (e)) caused the 

molten GBs to return to almost the same positions as in Figure 7.8 (b). The 

TEM image acquired after the second decrease in temperature to 200°C is 

presented in Figure 7.8 (f). The grain size is increased compared to Figure 

7.8 (c) obtained after the first drop in temperature; most of the GBs had 

retracted almost to their previous positions after the temperature drop. A 

further increase in temperature to 249.1–249.5°C, see Figures 7.8 (g) and 

(h), led to a liquid phase increment and subsequently all grains transformed 

into the liquid phase. A temperature drop to 200°C resulted in significant 

grain growth, which can be observed in Figure 7.8 (i). A reiterated increase 

in temperature to 250.4°C caused the bismuth to melt completely and form 

droplets.  
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Figure 7.8. TEM images obtained during an in situ heating experiment. (a) TEM 

image shows the as-deposited polycrystalline Bi film acquired at 200°C. (b) TEM 

image of the Bi film showing the GB melting process and the formation of a 

liquid phase network surrounding the grains starting at 247.7°C. (c) TEM image 

of the same Bi film area acquired after decreasing the temperature to 200°C. (d)–

(e) Images of the Bi film obtained at 248 and 248.6°C, respectively, and showing 

a return of molten GBs to almost the same positions as in (b) as well as grains, 

except those that disappeared due to the slight temperature increase. (f) TEM 

image acquired during the second decrease in temperature to 200°C. (g)–(h) TEM 

images acquired during the subsequent increase in temperature to 249.1 and 

249.5°C, respectively, and showing the increment of the Bi liquid phase. (i) TEM 

image obtained after the temperature decrease to 200°C. 
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To show graphically the evolution of GBs after reiterated 

temperature increases from T ≪ Tmelting to T ≤ Tmelting, we have drawn the 

position of GBs on TEM images presented in Figures 7.8 (a), (c) and (f). 

These TEM images with indicated GBs positions are shown in Figures 7.9 

(a)–(c), respectively. Figure 7.9 (d) is a result of overlaying the GBs drawn 

from the three images in Figures 7.9 (a)–(c) without the background; the 

positions of the GBs are shown in purple, blue and green, respectively. 

 

Figure 7.9. (a)–(c) TEM images with the indicated GBs positions corresponding 

to the TEM images in Figure 7.8 (a), (c) and (f), respectively. (d) Result of 

overlaying images (a)–(c) without the background; the positions of the GBs are 

shown in purple, blue and green, respectively. 

 When the temperature is decreased to lower values, the GBs (which 

are still present) return almost to their previous positions. This effect might 

take place due to the presence of a thin bismuth oxide layer formed during 

exposure to air after deposition. As the GB has an extremely disordered 

structure, the oxidation process in such regions is faster. During heating, 

some of the GBs move intensively and small crystals disappear, which 

means that oxidation of GBs is not complete because GBs can continue to 

move. This is illustrated schematically in Figure 7.10.  

 

Figure 7.10. Schematic illustration of GBs and Bi film oxidation after exposure 

to air. 
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The melting point of bismuth oxide is much higher than for pure 

bismuth, which might cause a very thin liquid layer to reach several 

hundred nanometers in diameter when approaching the melting point of 

pure bismuth by in situ heating and electron beam exposure. 

 Bismuth film covered with Al2O3 

We performed the following experiment to confirm the assumption 

that an oxide layer forming on top of the Bi film exposed to air can be the 

main factor for achieving a homogeneous and monocrystalline film area 

under the heating and electron-beam effect. During the e-beam evaporation 

process we can load more than one target and thus deposit more than one 

material during the same cycle. Therefore, we deposited a 23-nm-thick Bi 

film and covered it with a 20-nm-thick layer of Al2O3 instead of forming a 

bismuth oxide layer. We performed the same heating experiment with the 

electron beam spread over an area of 1 μm in diameter. 

TEM images obtained during this experiment are presented in 

Figure 7.11. Figure 7.11 (a) shows a TEM image of the as-deposited Bi film 

with an Al2O3 layer heated to 200°C. As in the experiment discussed above, 

no GB melting was observed at this temperature. We gradually increased 

the temperature to the point where we observed the GB melting process and 

the formation of a liquid phase network surrounding the grains, see Figures 

7.11 (b) and (c). After some of the grains transformed into the liquid phase, 

we decreased the temperature to 200°C (Figure 7.11 (d)) in order to observe 

the behavior of the GBs where no melting occurred. Some of the grains 

became larger by being transferred into the liquid phase of bismuth at 

T ≈ Tmelting and, upon cooling, this liquid phase was recrystallized. A 

reiterated increase in temperature from 248.7 to 249.8°C (Figures 7.11 (e)–

(g)) resulted in a further increment of the liquid phase and a complete 

melting of the GBs. When the area of observation became homogeneous 

with no GBs remaining at 250°C, the temperature was immediately 

decreased to 200°C, see Figure 7.11 (h).  

The DP taken from this area is shown in Figure 7.11 (i) and 

corresponds to the [111]-oriented Bi film. The slight misorientation from the 

perfect [111] zone in DP is probably due to the stress caused by the thermal 
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treatment. It should also be noted that the contrast inhomogeneity in Figure 

7.11 (i) can be due to the difference in thermal expansions of bismuth and 

silicon nitride. Heating or cooling causes stress in the film, which can be 

compressive or tensile. Upon heating it is compressive.  

 

Figure 7.11. TEM images obtained during in situ heating of a 23-nm-thick Bi 

film covered with a 10-nm-thick layer of Al2O3. (a) TEM image of as-deposited 

layers heated to 200°C. (b), (c) TEM images acquired at 248 and 248.5°C, 

respectively. (d) TEM image of a Bi film acquired after decreasing the 

temperature to 200°C. (e)–(g) TEM images showing changes in the Bi film during 

the second increase in temperature to 248.7, 249.3 and 249.8°C, respectively. 

(h) TEM image of a homogeneous monocrystalline Bi layer. (h) DP obtained from 

the area in (h) corresponding to the [111]-oriented Bi film. 
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In this experiment we also observed grain growth in the Bi film 

when the temperature was decreased from T ≤ Tmelting to T ≪ Tmelting in 

intermediate steps of heating. Both experiments described in this section 

confirm the assumption that the oxide layer on the Bi film plays the key role 

in achieving a homogeneous and monocrystalline pancake-shaped film area 

in these in situ TEM heating experiments. 

7.3.6. Experiment 6. Bismuth oxide reduction treatment 

To observe the behavior of a Bi film without a thin oxide layer, we 

deposited a 22-nm-thick Bi film onto the back of the heating chip designed 

for vacuum transfer to the TEM holder. The vacuum transfer holder enables 

us to conduct gas treatment experiments at elevated temperatures in a gas 

supply system outside the TEM and, therefore, allows us to deliver a sample 

directly to the TEM column under vacuum or controlled gas conditions, 

thus preventing any interaction with the outside environment. After Bi 

deposition, the heating chip was placed into the vacuum transfer TEM 

holder and the bismuth oxide reduction treatment was performed in a H2 

atmosphere with 1 bar of gas pressure at 60-80°C for 1 hour in a 

homemade gas supply system outside the TEM. Next, the reaction chamber 

was pumped to vacuum and, after 10 minutes of pumping, the transfer 

holder was sealed to place the sample in vacuum. Then, the holder was 

transferred to the TEM within 5-7 minutes without exposure to ambient air.  

TEM images acquired during this heating experiment are shown in 

Figure 7.12. In this experiment the e-beam was spread over an area of 1 μm 

in diameter. Figure 7.12 (a) is a TEM image obtained at RT. Figure 7.12 (b) 

shows a TEM image obtained at 245.6°C from the same area as in Figure 

7.12 (a). In Figure 7.12 (b) we observe both a partial melting of GBs and 

hole formation (white spots in the TEM image) in the film starting at triple 

junctions. At 246.7°C (Figure 7.12 (c)) and 248.4°C (Fgure 7.12 (d)) the 

formed holes expanded and new holes formed; all GBs became molten. At 

249.3°C we observed that the molten (liquid) phase prevailed in the field of 

view and that the number of holes had increased, see Figure 7.12 (e). An 

increase in temperature to 249.5°C caused the Bi film to collapse, see 

Figure 7.12 (f).  
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This experiment showed that, after the bismuth oxide reduction 

treatment, the bismuth film behaves completely differently than in the 

previous experiments. Thus we assume there is no layer of bismuth oxide 

left on the Bi film. In previous experiments, no holes were present in the Bi 

films, even when some of the films were kept in the molten state for several 

seconds, whereas in this experiment the holes formed at the triple points 

even at a temperature insufficiently high for all GBs to become molten.  

 

Figure 7.12. TEM images acquired during experiment 6. (a)–(f) TEM images 

taken from the same area of the Bi film and acquired at RT, 245.6, 246.7, 248.4, 

249.3 and 249.5°C, respectively. 

7.4. Discussion 

We have performed a range of heating experiments with additional 

local electron-beam heating of polycrystalline Bi films. We estimate that, for 

the experiments described in Sections 7.3.1 and 7.3.2, the local 

temperature increase due to the electron beam effect is in the range of 0.1–

0.2°C when the electron beam diameter is changed from 600 to 200 nm (for 

a 5-nA e-beam current and 200 and 600-nm e-beam diameters, the dose is 

106 and 1,1∙105 electrons/nm2∙sec, respectively). All as-prepared Bi films 
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show only [111]-oriented grains with a grain size ranging from 30 to 170 

nm. We studied the behavior of thin Bi films under in situ heating in TEM 

with some additional local heating by an e-beam but without irradiation. 

During e-beam heating, the nanostructural changes were always compared 

with changes in nearby areas not irradiated by the e-beams. Upon being 

heated above 242°C, the shapes of the grains and GBs change due to GB 

melting, which starts at triple junctions and, as the temperature increases, 

the liquid phase extends and widens along the GBs, forming a connected 

network surrounding almost all the original grains except those that had 

transformed completely to the molten phase. Electron diffraction confirms 

the molten (or amorphous) phase at the grain boundaries. When we next 

increase the temperature accurately with steps of 0.1°C every 1–2 seconds 

and when no grains or GBs are observed in the field of view, which is nearly 

homogeneous in contrast, we immediately decrease the temperature to RT. 

The electron diffraction patterns showed that the area quenched from the 

molten phase is always monocrystalline and [111]-oriented, whereas the 

surrounding non-e-beam-irradiated film is polycrystalline. This clearly 

shows that the e-beam causes a local increase in temperature in the 

material. This local melting can be controlled very well by the e-beam, 

which must be related to the relatively low thermal conductivity of Bi 

because such behavior is not observed for metals with normal or high 

thermal conductivity. When the e-beam is spread over an area of 1 µm in 

diameter as described in Section 7.3.5, the behavior of the Bi film within the 

e-beam-irradiated area is similar to that outside it. For this condition, 

gradually increasing the temperature with a minor influence of the electron 

beam shows that all regions of the Bi film behave similarly: several 

increases in temperature lead to significant GB melting and decreases in 

temperature show no GB melting, but in both cases grain growth has 

occurred (see Figures 7.8 (f) and (i)) and is comparable to that observed in 

the polycrystalline part of the Bi film outside the e-beam location in the 

experiments described in Secitons 7.3.1 and 7.3.2.  

The behavior of thin Bi films is quite different from that of other 

metal films on amorphous substrates at higher temperatures [51–53]: for Bi 

films there is no dewetting and no significant change in thickness. 

Normally, thin solid films are instable in as-deposited configurations and, 
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when heated, tend to dewet and agglomerate to form islands. This process 

can take place even far below the melting temperature of the metal where 

the film remains in its solid state. The driving force for solid-state dewetting 

is surface-energy minimization, and surface self-diffusion and GB diffusion 

are considered to be the main transport mechanisms [42, 52]. 

In the case of a thin polycrystalline Bi film, we assume there are 

several crucial factors that prevent the grain growth normally observed in 

metal thin films: (a) the as-prepared film is already [111]-textured, (b) the 

surface of Bi is covered with a thin bismuth oxide layer and (c) surface 

diffusion of Bi on the [111] surface and in Bi [111]-bismuth oxide interface 

is probably very small. Concerning (a), the [111] surface is very stable, 

which is also evident from the fact that Bi cleaves very easily along the (111) 

planes.  Thus the driving force for further grain coarsening is relatively 

small. Concerning (b), with either a Bi oxide layer or an Al2O3 layer on the 

Bi film, we see that the Bi film remains confined between the oxide layer on 

top and the SiN membrane beneath the Bi film. A thin bismuth oxide layer 

was formed on top of bismuth by exposing the film to air after deposition. 

The Al2O3 layer was deposited with the same equipment as for the Bi layer, 

so there was no Bi oxide layer present in this case. If we remove the native 

Bi oxide layer by heating it in hydrogen, the Bi film does show changes in 

its thickness and dewetting, similar to other metals but to a lesser extent. 

Concerning (c), we suggest that the surface diffusion of Bi atoms on a (111) 

surface is slow. In particular, we think that confining the top and bottom 

layers prevents surface (interface) diffusion in these films.  

In the absence of a coating on the Bi surface (see Figure 7.12 in 

Section 7.3.6) the film’s behavior is quite different. For temperatures that 

were insufficient for all GBs to become molten (Figure 7.12 (b)) we observed 

the formation of several holes in the film, and these holes started to form in 

triple junctions. This can be due to a high surface-to-volume ratio. A thin 

solid film, when heated, may develop holes and eventually transform into 

shapes having lower surface-to-volume ratios, and this process can occur 

well below the melting point of the material [54]. In addition, the formation 

of holes occurs together with a strong increase in mass-thickness contrast 

around the holes, which might be due to surface diffusion not limited by the 
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bismuth oxide layer. On the other hand, an increase in mass-thickness 

contrast is clearly observed only around formed holes.  

Another explanation of the different behaviors of polycrystalline Bi 

films with and without (after oxygen reduction in H2 gas) the presence of 

native oxide might be the following. In [55] Copel et al. describe their work 

on the growth of epitaxial layers of Si/Ge/Si(001). A fundamental obstacle 

to growing an A/B/A heterostructure is the fact that, because the growth 

mode of epitaxial layers is determined by the balance between surface, 

interface and film free energies, if A wets B, B will not wet A. Copel et al. 

proposed the use of a segregating surfactant to reduce the surface free 

energies of A and B to suppress island formation. Normally Ge does not wet 

Si so that it exhibits island-type growth, but the surface energy was lowered 

by applying an atomically thin layer of As. Arsenic does not alloy with Ge or 

Si and stays at the surface, thus inducing wetting of Ge and epitaxial 

growth. Copel et al. demonstrated this by growing Si/Ge/Si(001) with a 

monolayer of As. In our case it is likely that oxygen serves the same 

purpose of lowering the surface energy of the Bi film. If the surface energy of 

SiN is greater than the sum of the surface energy of Bi plus the interface 

energy Bi/SiN, we should expect non-wetting. This is indeed what we 

observe when we reduce Bi in hydrogen. If oxygen reduces the Bi surface 

energy sufficiently that the sum of this plus the interface energy becomes 

less than the surface energy of SiN, then we should observe wetting. 

The electron-beam-induced heating can be estimated fairly well  

because the melting of the illuminated area can be compared to that of the 

areas not exposed to the electron beam, or when a low beam intensity is 

used. According to our experiments, the estimation of e-beam-induced 

heating is about 0.8–1.5°C. Note that the effect of electron-beam heating is 

strong for Bi compared to other metals because its thermal conductivity is 

low.  

In addition, the thermal stress induced by the different thermal 

expansion properties of bismuth and silicon nitride should be considered. 

The coefficient of thermal expansion for bismuth is about 4 times higher 

than that of silicon nitride. This implies that upon heating, the expansion of 

Bi is restricted by the SiN substrate and thus will be under compression. 
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The Bi film can release this compressive stress by forming hillocks. 

However, we did not observe any hillocks during heating to almost the 

melting point. The reason might lie in the fact that the higher density of 

liquid Bi can reduce the compressive stress. On the other hand, the 

difference in the densities of solid (9.78 g/cm3) and liquid (10.05 g/cm3) 

bismuth is not significant. This means that the higher contrast observed at 

the molten GBs might also be due to the bulging of the liquid bismuth 

between the adjacent grains that are also expanded at the melting 

temperature of the GBs.  

7.5. Conclusions 

In this chapter we showed that thin polycrystalline Bi films can be 

modified into [111]-oriented monocrystalline films by in situ TEM heating 

and electron-beam bombardment with the energy of electrons 300 keV, 

whereby a unique feature is that the original thickness of the film is 

maintained. The single-crystalline area is created by heating the film close 

to the melting temperature and using an electron beam to achieve local 

melting. The film thickness is maintained by confining it with SiN on one 

side and with Bi oxide or Al2O3 on the other side.  In addition, we showed 

that bismuth films behave differently if no capping Bi-oxide layer is present, 

a configuration in which dewetting takes place and the film collapses when 

heated under similar conditions. 
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Summary 

In situ TEM electrical measurements of metal and semiconductor 

nanowires 

  

Mariya Neklyudova 

  

In situ transmission electron microscopy (TEM) is a powerful tool for 

the field of material science which allows a direct observation of the dynamic 

response of a material to applied external conditions (electrical bias, heating, 

reactive environment interaction, etc.) in the real time. In situ TEM 

experiments provide new knowledge and deep understanding of physic-

chemical mechanisms occurring in material at the nanoscale. Unique 

capabilities of in situ TEM experiments are the result of the recent 

advancements in the development of TEMs, microelectronics and TEM-

holders developed for various external stimulus.  

In this thesis we have performed experiments on in situ electrical 

measurements in order to investigate the behavior of InAs semiconductor 

nanowires under an influence of applied electric field and study an 

electromigration phenomenon in thin metallic Au-Pd and Au polycrystalline 

nanowires in order to produce nanogap electrodes with small nanogap sizes 

for possible applications in molecular electronics. Also, we have performed in 

situ heating experiments in TEM to study the behaviour of polycrystalline thin 

bismuth films with low thermal conductivity under in situ heating and 

electron-beam bombardment. Also, we have developed a clean room 

fabrication technique, called back side lithography technique. This technique 

allows to obtain smooth and uniform electron viewing transparent windows 

with a thickness of several nanometers at certain locations of a thick SiN 

membrane which is usually used in MEMS-based chips for in situ TEM 

experiments.  
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Samenvatting 

In situ TEM elektrische metingen op metaal en halfgeleider nanodraden 

  

Mariya Neklyudova 

  

In situ transmissie elektronen microscopie (TEM) is een krachtig 

instrument voor materiaalkundig onderzoek, omdat het een directe observatie 

mogelijk maakt van de dynamische respons van een materiaal op 

aangebrachte externe condities (elektrische stimulus, verhitting, reactieve 

omgeving zoals gas, etc.) in real-time. In situ TEM experimenten leveren 

nieuwe kennis en dieper begrip van physisch-chemische mechanismen die op 

nanoschaal in materialen voorkomen. De unieke capaciteiten van in situ TEM 

experimenten zijn het gevolg van recente vooruitgangen in de ontwikkeling 

van TEMs, micro-elektronica en TEM-houders, ontworpen om diverse externe 

stimuli aan te brengen. 

In dit proefschrift hebben we in situ elektrische metingen uitgevoerd, 

om het gedrag van InAs halfgeleider nanodraden onder invloed van een 

opgelegd elektrisch veld te onderzoeken, en om elektromigratie in dunne, 

metallische Au-Pd en Au polykristallijne nanodraden te bestuderen. Dit wordt 

gebruikt om nano-elektrodes op zeer kleine afstand te produceren, die 

mogelijke toepassingen hebben in moleculaire elektronica. Ook hebben we in 

situ verhittings-experimenten in de TEM uitgevoerd, om het gedrag van 

polykristallijne, dunne bismut laagjes met lage thermische geleiding te 

bestuderen, onder invloed van verhitting en de elektronenbundel. Daarnaast 

hebben we een cleanroom fabricatie techniek ontwikkeld, de zogenaamde 

‘back side lithography’ techniek. Deze techniek maakt het mogelijk om gladde 

en uniforme, elektron-transparante ramen te verkrijgen, met een dikte van 

enkele nanometers, op enkele specifieke locaties in een dik SiN membraan, 

welke vaak gebruikt worden in MEMS-gebaseerde chips voor in situ TEM 

experimenten. 
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