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ABSTRACT 

Development and Application of Membraneless Electron Microscopy 

Chips 

Nitin M. Batra 

Transmission electron microscopy (TEM) is an important tool for the characterization of 

materials as it can provide clear understanding of the relationship between structure, 

property and composition of nanomaterials. For this, the in-situ TEM analysis is performed 

and requires specially manufactured sample holders. In particular, those designed to carry 

out electrical biasing can be used to understand not just the I-V characteristics but also the 

failure mechanism, structure-property relationship, Joule heating dynamics, 

electromigration, field emission properties, etc. at the nanoscale.  

The platforms holding the sample in most modern in-situ TEM holders rely on an insulating 

ceramic membrane which needs to be (almost) transparent to the imaging electron beam. 

Electrodes are defined through lithography and patterned on this membrane. Unfortunately, 

the presence of this membranes introduces several limitations such as electrostatic 

charging, reduction of image contrast and poor mechanical stability. To circumvent this 

issue it is necessary to fabricate a novel type of sample platform which does not rely on the 

presence of a membrane.  

In this work, novel membraneless sample-holding platforms were designed and 

manufactured using advanced microfabrication methods and tools. Besides fitting into an 
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array of analytical tools, the novel platforms (or “chips”) can be subjected to thermal and/or 

chemical processing without compromising their function or structure. 

To test these, the electrical response of one-, two- and zero-dimensional nanoparticles were 

studied. Firstly, we investigated current-induced modifications in silver nanowires and 

expandable graphite flakes and studied various phenomenon involved. Along with these, 

corresponding ex-situ studies were also performed. Next, graphene oxide was explored as 

an alternative support platform for in-situ TEM. We successfully achieved temperature as 

high as 2000o C by Joule heating of graphene oxide. Furthermore, this graphene oxide 

platform was used as a heater and chemical processing substrate for investigating thermal 

stability and synthesis of inorganic nanoparticles, respectively.  
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Chapter 1 Introduction 

For decades, as the fields of nanoscience and nanotechnology matured, materials synthesis 

and device fabrication processes evolved. Alongside, characterization tools such as 

transmission electron microscopes (TEM) made large strides in assisting the study of 

particles that are just a few billionth parts of a meter in size. Developments in the field of 

electron microscopy have helped the materials scientist, the physicist, the chemist and even 

the biologist to understand that properties are not just a function of morphology or structure 

but also of size. 

While a large number of nanomaterials have been reported, their technological integration 

is dependent on knowing the structure-property relation as, at this scale, these are not 

necessarily straightforward. Furthermore, given the often non-uniform orientation relation 

between different nanoparticles (in a sample batch) added to possible variations in size, 

morphology and structure, the characterization of individual particles becomes critical. The 

superior imaging and spectroscopical resolution achieved in TEM implies that it is well 

placed to examine the size, structure and chemical composition of nanoparticles. Recently, 

properties measurements and time-resolved (or dynamical) experiments have become 

feasible inside the column of TEM. All of this information is available from just one 

instrument and, if needed, during the same study session.  

For TEM analysis, samples are held and transferred in a rod-shaped holder into a column 

of stacked electromagnetic lenses under vacuum. During the imaging session, high-energy 

electrons travel down the microscope column, interact with the sample and eventually give 

rise to 2D projections of the area under study in a recording medium, commonly a charge-
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coupled detector (CCD) camera. These days, top-range TEMs are equipped with more 

advanced cameras capable of direct detection/counting of electrons as well as sophisticated 

spectroscopy setups such as four-quadrant energy dispersive X-ray (EDX) detectors or 

energy filters for electron energy loss spectroscopy (EELS). The assembly that generates 

the electrons has also been improved significantly with the development of beam 

monochromators and the so-called extra bright field emission gun (xFEG). Possibly, the 

two most relevant advances in the field of TEM during the last decade or so were the 

introduction of lens aberration correctors and stimuli-inducing holders. With the first, the 

analysis went from the scale of the particle to the scale of the atom; imaging and 

identifying, for instance, one single atom doping a crystal lattice is no longer a fantasy. 

However, in this proposal, it is the holders and chips that will be the foci of our attention. 

1.1 In-situ TEM holders 

In most experiments that study the effect of various processes and pre/post-treatments on 

the structure-property relationship of nanostructured materials, the TEM imaging and/or 

spectroscopy are performed before and after the stimulus application (may that be 

chemical, thermal, optical, electrical, etc.).[1, 2] This limits the information, related to the 

dynamic process, which can be collected during these experiments. In the early period of 

TEM development, researchers started using the electron beam as a source of energy (or 

stimulus) to investigate the degradation of a sample exposed to the bombardment of high-

energy particles.[3, 4] This marked the birth of the in-situ TEM field. Later on, dedicated 

microscopes and holders were designed and engineered providing a major boost to these 

studies. Nowadays, it is possible to do sophisticated experiments such as exposing 
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nanowires to different reactive gases or liquids, eventually varying the pressure and 

temperature too. The design, engineering, cost and time of assembling a dedicated in-situ 

TEM machine are very high for which reason relatively few of these machines are in active 

service worldwide. On the contrary, sample holders for operation inside TEMs are less 

expensive and do not require extensive modifications to the column of conventional 

microscopes. They can even be retrofitted to existing or older models. Furthermore, the 

holders allow for extended flexibility of designs meaning that a wider array of stimuli may 

be used such as electrical currents[5, 6], mechanical loads[6], temperature (heating[7] or 

cooling[8]), light[9], magnetic fields[10] and reactive gases[11-13]. 

Historically, in-situ holders have been developed since the early 1960’s. Limited to simple 

furnaces initially, they have evolved to span today a wide variety of designs and 

configurations, quite often tailored to a particular application. Amongst the many existent 

holders, the most popular are the thermal (heating/cooling) and electrical types. The 

following section will focus on the latter. 

1.2 Electrical Holders 

The electrical properties of materials have been studied for many years using contacts 

fabricated by wire bonding[14], lithography[14, 15] or the so-called direct deposition 

techniques which include electron or ion beam induced deposition[16, 17]. Classically, the 

measurements were performed with tools such as scanning tunneling microscopes (STM) 

[15] or manual probe stations[16]. While very detailed studies on transport properties could 

be carried out, it was seldom the case where complementary information concerning crystal 

structure or chemical composition of the material was collected from the area probed 
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electrically. By contrast, the study of electrical responses inside a TEM is a unique way to 

explore and understand the relationship between properties, structure and chemical 

composition of materials.[18-20] 

 

Figure 1.1 Flowchart diagram illustrating the evolution of electrical TEM holders.  

In the following, electrical TEM holders have been classified into three generations. The 

chronological windows were defined according to evolving abilities in manufacturing and 

engineering as well as the configuration and scale of the samples assessed (Figure 1.1). In 

the first generation, the holders were bulky, unstable and complex to operate. The analysis 

of nanoscaled materials was out of reach. Developments in manufacturing resulted in the 

engineering scale of the holder being reduced to the sub-micron level. The advent of this 

second generation was driven also by the integration of piezo-driven motors and a marked 

change in holder design. Moreover, the use of sharp metallic wires (resembling tips for 

STM) enabled the examination of suspended nanoparticles but these were mainly limited 

to nanowires and nanotubes. The third generation of holders is initiated with the 
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commercialisation of disposable cartridges that integrate complex microelectromechanical 

systems (MEMS). These miniaturised devices are designed to minimise sample drift 

thereby permitting high resolution imaging. Furthermore, they can be tailored to allow for 

multiple stimuli work or host a fully operating electronic circuit with a single-particle 

connected to it. Examples from the relevant literature are described below to illustrate each 

of these generations. 

1.2.1 First Generation (1950 - 2000) 

After the invention of the TEM and with the advent of nuclear reactors a few decades later, 

researchers were driven to explore the use of the imaging electrons has a tool to bombard 

reactor-chamber materials with highly energetic charged particles. Additionally, the 

integration of resistive elements in what came to be known as heating holders, enabled the 

study of phenomena such as dislocations dynamics under high temperature. Initially, these 

instruments were of limited use due to the considerable drift imposed by gradients of 

thermal expansion in the holder’s construction materials.  

Towards the last quarter of the 20th century, the first generation of electrical probing TEM 

holders started to take shape. This was well before the development of nanotechnology and 

lithography tools, meaning these in-situ probes were bulky and restricted to two-terminal 

I-V probing of mm-scaled sample lamellas. At this time, thin films were prepared to 

electron transparency using a set of manual procedures which included various polishing 

techniques. The electrical contacts to the polished films were established either by wire 

bonding or mechanical clamps.[21-24] One of the first studies in this field was reported by 

Blech et al. in 1967. [6] To study electromigration, the team fabricated Al test strips 
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suspended from a 100 nm SiO2 membrane (Figure 1.2a). With this, they observed that the 

failure of an Al film was caused by the formation, coalescence and movement of holes due 

to electrotransport. Other early studies were also focused on electromigration-induced 

structural changes in metallic thin films.[21, 23, 25, 26] This interest was driven by the 

frequent failure of Al thin film interconnections in integrated circuits and the need to 

understand the factors affecting electromigration. The topic was further expanded with ever 

more specialized approaches. For instance, Chang et al. proposed a holder with which they 

performed “temperature-ramp resistance analysis to characterize electromigration” or 

TRACE. Shown in Figure 1.2b, their setup enabled real-time experiments of temperature-

dependent electromigration, something that up to that point was limited to thin-film 

metallic samples.[27] Ceramics were also investigated with in-situ TEM electrical probing. 

In 1980, Yamamoto et al. employed a custom-made holder to investigate the ferroelectric 

properties of Gd2(MoO4)3. Upon the application of an electric field, it was observed that 

the domain walls of this compound material moved normal to their planes.[28] Similar 

experiments were performed by Snoek et al. who studied the ferroelectric properties of 

BaTiO3. [24] These authors modified a commercial furnace-type heating holder (Figure 

1.2c) and used two annular Cu electrodes to sandwich the polished ceramics sample and 

thereby establish the electrical connections. As shown in Figure 1.2d, the domain walls 

displacement and disappearance were observed when the electric field strength was 

increased from 12 to 24 kV/cm (90oC). At 21 kV/cm (90oC), the ferroelectric domains 

reappear.  
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Figure 1.2 a) An optical image of a chip with four probes for studying electromigration in 

Al strip [6]; b) A schematic image of metal electrodes deposited on Si wafer with the 

transparent region highlighted by the doted line [26] and in-situ TRACE-TEM holder with 

various parts and caps to hold the sample [27]; c) schematic of a modified Philips heating 

stage, the sample was held between two copper electrodes, d) bright field TEM images of 

BaTiO3 at different electric field strength [24]; e) A modified single-tilt furnace-type 

heating holder from Philips, f) TEM images of Al-Ge film at different temperature, its 

effect on crystallinity and electrical resistance. [29] 

More recently, an alternative design for a dual heating-electrical holder was proposed by 

Verheijen et al. [29] Figure 1.2e shows a furnace-type holder that was modified by adding 

four conducting L-shaped wires in the bottom-side. These contacted the thin foil specimen 

which was placed on the top-side of the holder where the heating elements were located. 

As shown in Figure 1.2f, this approach was particularly useful to study phase-change 

materials such as Al-Ge. The temperature-induced crystallization of amorphous films 
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along with the resulting reduction in electrical resistance were witnessed in-tandem and at 

an unprecedented detail.[29, 30] 

1.2.2 Second Generation (1990-2010) 

With the advent of nanomaterials, it became necessary to downsize the electrical probes so 

that discrete nanoparticles (or aggregates of these) could be tested. However, the reduction 

in scale brought in new challenges such as how to control the movement and contact those 

probes to the nanoparticles. The development of electric motors based on piezoelectric 

materials enabled the fabrication of manipulators that displaced the probes with a precision 

of nanometers. Sharp metallic wires resembling those used in scanning tunnelling 

microscopy (STM) were integrated with these piezo-motors, resulting in the so-called 

STM-TEM holders. With their subsequent commercialisation, these became quite popular 

in the late 90’s and early years of the 21st century. One of the first reports of this family of 

holders dates from 1991. Then, Masashi et al. described a setup capable of performing both 

STM and TEM imaging on a sample (Figure 1.3a). [31] Following this, their design was 

optimised and expanded by various groups culminating with the integration of other 

characterisation tools such as electrically-conductive, force-sensing atomic force 

microscopy (AFM) cantilevers. With these, it became possible to locally investigate the 

electrical and mechanical properties of a discrete nanoparticle while also imaging it and 

interrogating its chemical composition. [5, 32-36] Generally, the STM-TEM holders have 

two wire-like electrodes, one of which is connected to a motor-driven stage (with a piezo-

motor for the finer movements). The second electrode is commonly where the sample is 

loaded and remains stationary. This arrangement is particularly apt for the analysis of 



27 

 

powdered one-dimensional nanomaterials as the sample is dropped onto one of the wire-

electrodes while the second one is then relocated to make end-to-end contacts of 

nanoparticle-electrodes. After ensuring that the selected nanoparticle is well-fixed between 

the two conducting wires, an electrical current is passed and the response of the material 

monitored. An elegant demonstration of how sophisticated the experiments can be was 

given by Ohnishi et al., in 1998.[5] These authors were able to fabricate and electrically 

probe a single strand of Au atoms inside a TEM. Furthermore, they demonstrated the 

existence of quantized conductance at the atomic-scale (Figure 1.3b). 

 

Figure 1.3 a) schematic and a photograph of the tip of a STM-TEM holder 31; b) 

Conductance vs. time graph showing conductance values in the double (step A) and the 

single stand (step B) of Au atoms. The conductance in stand varies during a tip removal 
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from the surface. At bottom, the TEM images of Au stand obtained during the conductance 

experiments[5]; c) schematic of double-probe STM-based holder, d) photograph of a tip of 

double-probe holder, e) Lorentz TEM image of La0.7Sr0.3MnO3 making contact with two 

probes and magnetic domains are indicated by arrowheads, f) I-V curve during electrical 

measurement. [37]  

Improvements to the two-terminal STM-TEM holder were proposed by Yamazaki et al. 

[37] An additional moving probe was integrated which effectively turned the setup into a 

multi-probe station (Figures 1.3c and 1.3d). With this, it was possible to contact a magnetic 

material such as La0.7Sr0.3MnO3 and follow the dynamics of a magnetic domain when 

current was injected to it (Figure 1.3e). In parallel, the corresponding I-V curve could be 

collected (Figure 1.3f). Other examples of alternative designs and applications of STM-

TEM family of holders have been previously summarized in the work of Mølhave et al. 

[38] 

While this second generation of electrical holders opened the window for in-situ TEM 

research of discrete nanoparticles, some drawbacks worthy of note were present. Amongst 

these are: 1) the use of a “glue” to fix specimens (which potentially introduces 

contamination), 2) difficulty in establishing an aligned focus plane between the electrodes 

(as the imaging is intrinsically a 2D projection of a volume), 3) the danger of exerting too 

much pressure on the nanoparticle when promoting a proper electrode-sample contact 

(which could lead to structural defects in the sample, for instance). Finally, the transport 

property studies carried out with a TEM are basic when compared to what can be achieved 



29 

 

with a bench-top probe station. Temperature-dependent studies and multi-probing continue 

to be possible only with the latter. [39] 

1.2.3 Third Generation (2005 – present) 

During the first decade of the 21st century, the isolation of graphene and other 2D van der 

Waals materials originated an increasing buzz in the microscopy community. Besides 

requiring the expeditious optimization of low-voltage imaging methods, the isolated 

monolayers had lateral sizes that could reach several micrometers (or more). This meant 

that novel ways to mount the sample onto grids and in-situ TEM holders had to be 

developed. In regards to heating and electrical holders, advances came in with the invention 

of the disposable sample holding cartridge (a.k.a. chip) that was fixed at the end of the 

holder’s rod (i.e. at the front-piece). The different design and breadth of new experiments 

made possible resulted in a clear departure from previous work, effectively originating the 

third generation of electrical holders. Underlying many of these advances are cartridges 

that integrate microelectromechanical systems (MEMS). A variety of possibilities exist 

such as undertaking multi-probe electrical characterization of discrete nanoparticles (a 

graphene flake or a carbon nanotube, for instance) with the electrodes disposed in different 

configurations (e.g. comb-like, interdigitated fingers…). In these cases, the specimen is 

either supported by a suspended transparent membrane or stands in a bridge-like 

arrangement between electrodes. [19, 40] Beyond electrical probing, analogous chips have 

been produced that expand the type of experiments performed to heating, gas-solid 

reactions, liquid reactions, etc. [11, 12, 41-45]  
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The first prototypes of the third generation of holders were unveiled in 2005. [19, 43] 

Commonly, electrical wires at the end of the holder landed on the corresponding electrode 

pads of the chip, thereby establishing the rod-chip electrical connection (Figure 1.4a). On 

the chip itself, pads and lines that run all the way to the center serve as the electrodes that 

pass over the silicon-based membrane (Figure 1.4b). Besides supporting the sample, this 

membrane needs to be transparent to the electron beam and electrically insulating. An early 

application of these chips was in the study of electrical-breakdown of a GeTe nanowire. 

[46] After transferring the sample onto the membrane, a nanowire was selected and 

connected to the chip’s electrodes via a Pt line deposited with focused ion beam (FIB). 

When exposed to an increasing current density, the formation of voids were observed 

implying that chemical degradation of the 1D nanostructure took place. [46] Interestingly, 

the resulting structure resembled a core-shell nanowire (Figure 1.4c). This can be reasoned 

by the fact that the FIB deposition process introduces defects and contamination due to the 

high energy of the ion beam (leading to Ga implantation) and the disintegration of the 

metalorganic precursor (leading to coating of the nanowires with amorphous carbon). [47] 

While the above design has evolved to be the basis of the currently commercialised chips, 

other types were developed. A simpler approach was described in 2011 by the group of 

Dmitri Golberg. [40] Cantilever-like Au electrodes were fabricated using lithography and 

microfabrication (Figure 1.4d). A single graphene oxide flake was placed on the suspended 

cantilevers resulting in a bridge-like configuration and enabling two-terminal electrical 

probing. No FIB deposition was required making this a particular advantage of this method. 

Contrastingly, much more complex designs than the commercial ones have been proposed. 
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Some of these allow for multi-physics experiments such as driving an electrical current 

alongside the application of mechanical or thermal loads. [48, 49] An example is the lab-

on-chip system fabricated by Bernal et al.. [49] Using micro- and nano-fabrication 

techniques, this team introduced electronic actuation and a sensing system on the same 

chip (Figure 1.4e). To apply the mechanical force, an actuator shuttle was connected to an 

electrode to trigger the clamp’s movement. Opposite to this, a load sensor shuttle was 

placed to measure the force exerted on the sample (which bridged both shuttles). Ag 

nanowires were tested under tensile conditions and their structural breakdown registered 

with video recording (Figure 1.4f). [49]  

 

Figure 1.4 a) Photograph of the tip of multi-electrode holder [49], b) SEM image of chips 

with silicon nitride membrane in centre with Au electrodes, c) TEM images of GeTe NW 

before and after electrical degradation [46]; d) TEM image and schematic of suspended Au 

electrodes with graphene oxide flake in-between [40]; e) SEM images of complex MEMS 

device with actuator and load sensor, f) TEM images of silver NW before and after tensile 
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test in top and bottom section respectively [49]; g) SEM image and schematic of micro 

battery fabricated by FIB on chip [50]. 

Besides the above, in-situ TEM electrical chips were used to carry out solid-state 

electrochemical experiments. [50, 51] Taking advantage of modern nanofabrication and 

manipulation tools, Gong et al. fabricated an all-solid-state battery at the microscale. 

Multiple steps of ion beam cutting and Pt deposition were used to bond the different layers 

of the microbattery. As shown in Figure 1.4g, this consisted of a stack of LiCoO2 thin layers 

(cathode), a solid-state electrolyte, Li6.75La2.84Y0.16Zr1.75Ta0.25O12 or LLZO, and a section 

of Au acting as the anode. [50] Overall, the authors were able to observe the formation of 

nanosized crystallites or domains in the LiCoO2 cathode after several delithiation-lithiation 

cycles. 

The commercialisation of the third generation of electrical probing holders has been 

dominated by a handful of companies, mostly based in the United States, namely 

DENsolutions (The Netherlands), Hummingbird Scientific (United States of America), 

Protochips (United States of America) and FEI-Thermo Fischer Scientific (United States 

of America). In essence, the commercial chips follow a common architecture as they all 

rely on an electron-transparent membrane to sustain the specimen. As mentioned above, 

this membrane is a thin layer of silicon nitride or silicon dioxide, its thickness ranging from 

some nanometres to a few micrometres. [52, 53] Generally, the chips are consumable parts 

with an overall size of 15 to 80 mm2 and sample loading areas of 400 to 2500 µm2. Their 

fabrication results from a complex combination of cleanroom techniques which includes 

lithography, wet etching and metal deposition. [54] 
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It should be referred that all commercial chips have limitations with some of these deriving 

from the presence of the support membrane: 1) the consumable chips are expensive with 

the cost of a single unit ranging from 70 to 100 USD; 2) as the supporting membrane is 

made of insulating materials, the penetrating electron beam can originate surface charging 

which will interfere with the electrical measurements [55]; 3) the membrane reduces image 

resolution and contrast of the materials analyzed (this will depend directly on the thickness 

of the membrane) [19]; 4) the mechanical stability and resilience to rupture of the 

membrane is low which invalidates the reuse of the chips (the membrane will not withstand 

process and cleaning steps such as solvent rinsing, ultrasonication and drying). Further to 

this, the limited availability of materials and designs for the electrodes, added to a low 

fabrication yield (at the supplier’s end), are other areas of concern. [53] 

Taken together, and while there is certainly space for improvement, the third generation of 

electrical holders, where MEMS chips were introduced, has ushered in an era of 

outstanding experimental flexibility to the in-situ TEM field. Indeed, the applications of 

chips are not limited to the examples discussed in this section – many more can be found 

in the literature.  

1.3 Objectives 

Having identified the aforementioned limitations of the third generation of electrical 

holders, a search for analogous chips without a supporting membrane was carried out. 

Remarkably, it was noticed that both in the scientific literature and databases of patents, 

only membrane-based chips had been reported and manufactured. This observation 
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prompted the start of a project that could address this issue and, if possible, evolve the 

chips to be used outside the TEM. 

Over the period of this PhD work, the design and fabrication of robust membraneless chips 

for electrical TEM holders was developed. Underlying this work was the need to have a 

platform that could support not just a variety of nanomaterials but also enable correlative 

characterization, i.e. beyond the restricted environment of the TEM column. Accordingly, 

chips were fabricated using advanced lithography and deposition techniques. Along the 

way, novel manufacturing strategies had to be imagined and executed to enable the 

elimination of the supporting membrane while keeping the production yields at a 

satisfactory level. Following this, the process flow was optimised and scaled up for high 

yield production on 4” Si wafers. This testifies the potential of the approach developed for 

large-scale manufacturing and commercial exploitation. Overall, the outcome of this effort 

is a chip that allows for both in- and ex-situ characterization of suspended nanostructures. 

Given the absence of a supporting membrane, it is even possible to undertake ex-situ 

processing steps directly on the chip such as exposure to reactive environments and thermal 

annealing in benchtop furnaces.  

To illustrate the use of these membraneless chips, the effect of current-induced 

modifications in discrete 1D and 2D nanomaterials were studied. The nano-sized particles 

are position onto the transparent TEM window within chips using various transfer-methods 

available. Correlative and multi-scale analyses at pre- and post-stimulus exposure stages 

are demonstrated.  
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Chapter 2 Characterization and Experimental Techniques 

2.1 Characterization 

2.1.1 Transmission Electron Microscopy 

For TEM imaging, the sample for investigation is placed on a specially 

designed sample holder, which is inserted into the vacuum chamber of the TEM where the 

high energy beam of electrons passes through the cross-section of the sample. A shadow 

image of the sample is created in a phosphorus screen or a charged coupled device (CCD) 

camera. Figure 2.1 illustrates the interaction between sample-electron beam and a typical 

TEM column with various parts.  

 

Figure 2.1 (a) Schematic of interaction of electron beam with atom, (b) schematic of 

interaction of primary electron beam with sample and generation of scattered and 
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unscattered electron beams and X-rays, (c) TEM with the essential parts (Parts: A. User 

interface, B. electronics control, C. electron column, D. EDX detector, E. CCD camera, F. 

EELS spectrometer, G. phosphorescent screen, H. sample holder). 

The source of electrons is the electron gun which is operated at a higher voltage, typically 

60 kV to 300 kV. Beams of electrons are generated from the gun and 

directed towards the sample by means of strong electromagnetic fields. The 

electromagnetic lenses are used to direct, focus or control the size of the electron beam. 

The whole setup is under vacuum to avoid scattering of the electrons by unwanted gases. 

Apertures present along the length of the column are also used to control the size and 

intensity of the beam. The image is formed by projecting of features of the object due to 

elastic and inelastic scattering of the primary electron beam, thus it provides a 2D 

representation of a 3D object. Using STEM along with EDX and electron energy loss 

spectroscopy (EELS), elemental analysis at atomic resolution can be carried out. EELS is 

the result of inelastic scattering of the primary electron beam; these electrons will lose part 

of their energy which can be detected by spectrometer and plotted as energy loss of the 

electron to intensity. EDX is more sensitive to high atomic number (Z) elements, while 

EELS is best suited for lower Z elements. The resolution of conventional TEM is limited 

because of imperfections associated with electromagnetic lenses, technically known as 

aberrations. Nowadays, aberration-corrected TEM are made by inserting extra lenses to 

control the beam coherence ultimately allowing individual atoms of nanoscale objects to 

be imaged.[56]   
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For low dose analysis, TEM micrographs and videos were acquired on Tecnai TEM 

(Thermo Fisher Scientific) at 80-120 kV. Orius CCD camera recorded images and videos 

in acquisition (binning: 1, time: 1 sec) and live (binning 4, time: 0.1 sec) modes, 

respectively. Videos were recorded with the screen recording software Snagit® 

(TechSmith Corporation) was activated to register them.  Electron dose was kept below 

10-100 e-/nm2 s. High-resolution TEM and high-resolution scanning TEM (STEM)-high 

angle annular dark field (HAADF) micrographs were collected from aberration-corrected 

Titan TEM (Thermo Fisher Scientific, Inc.) at 200-300 kV. Using Quantum GIF 

spectrometer (Gatan, Inc.), STEM-electron energy loss spectroscopy (EELS) images were 

collected. Solid-state EDS spectrometer was employed for chemical investigation of 

metallic and alloy nanoparticles. 

Image Formation in TEM 

Electrons have both particle and wave characteristics. The wavelength of electron (λ) is 

related to the particle moment (p) and Planck’s constant (h) through de Broglie’s equation 

(𝜆 =  
ℎ

𝑝
). In TEM, electrons are accelerated by application of a potential bias (V). Thus, the 

applied potential en2rgy is converted to kinetic energy (𝑒𝑉 =
1

2
𝑚𝑣2). Through these 

equations, the relationship between the electron wavelength and accelerating voltage can 

be derived. 

𝜆 =  
ℎ

(2𝑚𝑒𝑉)
1
2

     (Equation 2.1) 
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Figure 2.2 a) Schematic optical ray diagram, b) Schematic diagram showing the 

relationship between image intensity and the specimen exit-wave.[57] 

A simplified process of image formation in HRTEM is described in Figure 2.2, it involves 

mainly three steps: I. scattering of electrons by the sample, II. Diffraction pattern formation 

in back focal plane and III. Formation of image in real plane. The scattered electron then 

passes through the objective lens which focus the scattered beam onto the image plane. 

Before collecting the image on a CCD camera, the intermediate lens magnifies the image. 

The contrast in HRTEM is related to atomic arrangement within specimen. To define this, 

we can consider electron wave interacting with specimen that alters its phase without 

affecting amplitude. With increasing accelerating voltage, the value of interacting constant 

decreases. 

Exit have amplitude:  

𝛹 (𝑥, 𝑦) = exp {−𝑖𝜎𝜙(𝑥, 𝑦)}    (Equation 2.2) 

Where σ is an interaction constant: 
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          𝜎 = 2𝜋𝑚𝑒𝜆 / ℎ2         (Equation 2.3) 

Resolution limit: 

Resolution limits of TEM strongly depends upon the instrument and scattering properties 

of sample. While in case of optical microscopes, resolution is limited by the diffraction 

limit which in turn depends on the wavelength of radiation (λ), refractive index (n) and 

objective lens aperture angle (α). 

𝑟 = 𝑘𝜆 / 𝑛𝑠𝑖𝑛(𝛼)      (Equation 2.4) 

In reality, resolution of optical and electron microscope are limited by lens imperfections 

and coherence. The point resolution HRTEM at Scherzer defocus is given by:  

 𝑑 = 0.625 (𝐶3𝜆)1/2    (Equation 2.4) 

2.1.2 In-situ TEM Electrical Measurements 

For in-situ TEM analysis, custom-made chips were fabricated as discussed in the following 

sections. The chips comprised a micron-sized trench to suspend 1D and 2D nanomaterials. 

The materials were placed on the trench by drop-casting and subsequent drying. Single-

particle devices were prepared by this method and an optical microscope was used to 

identify automatically suspended particles. Using a commercially available in-situ holder, 

the particles in the chips were analysed with TEM.  The chips were placed in a pre-defined 

location on the holder. By tightening the screws, the electrodes connected to the landing 

pads of the chips.  
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Figure 2.3 Schematic image of steps involved in preparing a sample and transferring a chip 

for in-situ TEM analysis. 

The electrical current to the suspended particle was passed through the electrodes lines by 

connecting the output of the holder to an external power supply unit. The schematic of in-

situ TEM holder with the chip is shown in Figure 2.2. Subsequently, TEM imaging and 

spectroscopy analysis of the suspended particle was collected with or without the external 

power supply. For ex-situ processing of the suspended particle, the chip was removed from 

the TEM column and subjected to external treatment. The two-probe electrical 

measurements were performed using an Aduro TEM holder (Protochips, Inc). Bias voltage 

was applied while current data was collected over time and the overall resistance calculated 

in-tandem. A Keithley 2611 (Tektronix, Inc.) source-measurement unit (SMU) was used. 
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2.1.3 Atomic Force Microscopy 

Atomic force microscopy (AFM) is one of noval scanning probe methods available. Very 

sharp tips or probes are used to scan the surface of objects. During scanning, the tip collects 

information about the topography of the surface because of the up-and-down motion of tip. 

A laser is focused on the back of the cantilever housing the tip. As the cantilever is coated 

with a reflecting material, a photo-detector records the reflected beam light and, thereby, 

the movement of the tip. Where these signals are produced, a 2D image is created. The tip 

moves either in contact or non-contact mode. The tips for both modes are different with 

diverse spring constants and vibration frequencies.  

For morphological investigation of expandable graphite flakes, XE-100 AFM (Park 

System) was used to acquire the topography images and line profiles in non-contact mode. 

Similarly, the topography and height details of the GO flakes were collected in non-contact 

mode. 

2.1.4 Raman Spectroscopy 

Raman spectroscopy is a very important tool for the characterization of carbon-based 

materials. It gives useful information about the quality, the structure and helps to 

differentiate between the different kinds of carbon materials. When the sample is 

illuminated by the monochromatic light source, the output of the laser beam and sample 

interaction consists of elastically and inelastically scattered beams. These scattered beams 

are affected mainly by the molecular as well as the crystal lattice vibrations. It provides 

rich information about the chemical composition, the type of bonds, the phase and the 

crystal structure of the sample. 
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Figure 2.4 (a) a photograph of Witec alpha300 RA Raman machine, (b) a Raman 

spectrum. (Parts: A. User interface, B. Laser sources, C. Sample, D. Pinhole, E. Camera, 

F. Spectrometer, H. Enclosure and isolation table, G. Electronic controller) 

During the elastic scattering (Rayleigh), the electrons are excited to the virtual energy 

states (vibration energy state), which then come back to ground state without losing any 

energy in the form of a photon. There are two different types of inelastic scattering known 

in Raman scattering. There is either partial loss or gain in incident photon energy, i.e. Stoke 

or Anti-Stoke scattering, respectively (Figure 2.3). A highly sensitive spectrometer is used 

to detect signals and corresponding intensity is plotted with respect to the frequency 

number (Raman shift). The peaks present in a collected spectrum are characteristic of the 

molecule under observation. Raman spectra were collected on a Witec alpha300 RA 

Raman spectroscopy system with 532 nm wavelength laser source. This instrument was 

equipped with the ultra-high throughput spectrometer UHTS300 and a highly sensitive 

CCD camera. All of the single spectrums were taken with at 100X objective lens, finely 

focused on the substrate. The laser power was maintained to less than 2 mW to avoid 

damage or modification of the carbon structures.  
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2.2 Experimental techniques 

In this work, various configurations of the membraneless chips were developed and 

fabricated. For chips manufacturing, different combinations of lithography, etching and 

deposition steps were used. Mainly four different designs were developed, as shown in 

Figure 2.4. In order to create through holes in silicon wafer, both front and back etching 

was performed after careful alignment of the front and back patterns. The through-holes 

were used as transparent TEM windows.  

 

Figure 2.5 Schematic of the membraneless chips designs and fabrication steps.  

2.2.1 Wafer Cleaning  

A silicon wafer (thickness of 300 µm) was used as the starting substrate. To clean the as-

received wafers, acetone, isopropyl alcohol (IPA) and distilled (DI) water were repeatedly 

used to rinse the wafers. Next, water residues were eliminated using an N2 jet and the wafer 

was dried on a hot-plate or vacuum oven at 110 oC. A SiO2 layer (thickness: 300 nm) or 

SiNx layer (thickness: 200 nm) was deposited on the clean Si wafer using thermal oxidation 
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or low-pressure chemical vapour deposition. More details about each design is explained 

in following section. 

2.2.2 Design Preparation and Patterning 

The computer-aided designs (CAD) of different layers such as electrodes, trenches and 

alignment marks were prepared on L-edit software (Mentor Inc., USA). The CAD patterns 

of the trenches and electrodes are shown in Figure 2.5. The chips with different sizes were 

fabricated. The most common chip sizes were 4 mm x 4 mm and 4 mm x 5.6 mm. From 

these smaller chips, a matrix of hundreds of chips was prepared for either 2- or 4-inch 

wafer. For dicing, 50-100 µm thick lines were placed between in each chip. For easy 

alignment of both layers (electrodes and through-holes) during the fabrication, alignment 

marks were placed on both masks.  

 

Figure 2.6 Designs of photolithography masks created with the L-Edit software. (a) The 

through-holes pattern (for dry etching), (b) the electrodes pattern (for metal deposition). 

These patterns were written either on hard-masks or directly on silicon wafers. For the 

hard-masks, the design was transferred to a commercially available photoresist coated 

soda-lime mask. Exposure was carried out on a Heidelberg Instruments direct writer. The 
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exposed area of photoresist was developed with the AZ 726 developer for 1 min. 

Subsequently, the masks were washed and cleaned. The Cr layer was etched away using a 

Cr-etchant for 50 sec. 

For direct lithography and patterning on the silicon wafer, commercially available AZ 

5214E photoresist was used. The photoresist was spin-coated at 3000 rpm for 30 sec and 

subsequently baked at 110oC for 120 sec on a hotplate. The fabrication steps are 

summarized in Figure 2.6. 

 

Figure 2.7 Schematic of steps required for fabrication of the membraneless chips.  

2.2.3 Electrodes Deposition 

After exposure and development of the photoresist, a Pt or Au layer of 100 nm and a 5 nm 

Ti or Cr adhesion layer were deposited using an ATC 2000 sputtering machine (AJA 

International, Inc.). The lift-off was done in an acetone or N-methyl-2-pyrrolidone (NMP) 

bath. Subsequently, the remaining residues were washed with IPA and several rinses of DI 

water. Finally, the wafer was dried. 
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2.2.4 Dry Etching 

There are various kinds of dry etching techniques available; however a plasma etching is 

the most versatile, promising and easy to use. The plasma is generated by ionizing reactive 

gases. The plasma is composed of ions, excited molecules and electrons. When the plasma 

makes contact to the wafer, reactive molecules and ionized species are responsible for the 

chemical and physical processes during etching.[58, 59] 

The various process steps of dry (plasma) etching include: 

 transport of etchants to surface; 

 surface reaction; 

 removal of product species 

2.2.4.1 Reactive Ion Etching (RIE) 

As shown in Figure 2.7, a glow discharge is generated inside the vacuum chamber by 

dissociating the feed gas (SF6) using a parallel plate reactor. A Si substrate is connected to 

d.c. bias at the bottom of the reactor. The plasma environment consists of radicals, photons, 

positive and negative ions. By application of d.c. to the Si substrate, positively charged 

ions (SF5
+) are bombarded onto the substrate surface. Furthermore, etching of the silicon 

substrate progresses by adsorption of reactive radicals, reaction with the substrate and 

desorption of the reaction products. Reaction products are removed from the chamber 

through tan exhaust line. The RIE system provides etch directionality and high etching 

rates compared to other techniques. Etching occurred via both chemical reaction and 

physical bombardment.[60, 61] We used this technique to etch SiNx and SiO2.  
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Figure 2.8 Basic RIE system.[60] 

RIE etching of silicon dioxide and silicon nitride 

For SiO2 and SiNx etching, an inductively coupled plasma reactive ion etch system from 

Oxford Instruments (Plasmalab System 100) was used. Here, AZ 5214E photoresist was 

used as a mask. For two-inch and fragile wafers, a four-inch wafer was used as a support 

for ease of processing. The process parameters used in the experiment are summarized in 

Table 2.1. Depending upon desired etching depth, the time required was calculated using 

respective etch rate for SiO2 and SiNx. 

Table 2.1 The process parameters used for RIE. 

Pressure 

(mTorr) 

Table temperature 

(°C) 
C4F8 (sccm) O2 (sccm) ICP (W) RF (W) 

10 10 40 5 1500 100 

Etch rate for SiO2 and SiNx were 200 nm/min and 60nm/min, respectively 
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2.2.4.2 Deep Reactive Ion Etching 

One of the most complicated steps in the fabrication of these chips was to create through-

holes using dry etching. To etch high aspect ratio features, the RIE cannot be used due to 

side-wall etching. Side-walls are protected by depositing a passivation layer.[62] In this 

work, deep reactive ion etching (DRIE) was used to etch through-holes with vertical side-

walls. DRIE, being an anisotropic etching technique, can etch complex structures with high 

aspect ratio. By varying the process parameters, both etch rate and etch morphologies can 

be controlled. Moreover, DRIE is compatible with silicon wafers (with any orientation) 

and photoresist masks.[63] 

 

Figure 2.9 A schematic principle of the Bosch process and a typical DRIE reactor.[64]  

The Bosch process is a commonly used DRIE technique to fabricate deep and vertical holes 

in Si wafers. This process has two major steps: etching and deposition as shown in Figure 

2.8. The deep holes are etched in multiple cycles. In this scheme, the etching and 

passivating gases are passed through the chamber, alternatively. Typically, SF6 and C4F8 

gases are used as etching and passivating feed-stocks, respectively. During the etching step 
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(typically the longer step), the etch plasma creates a shallow trench in the Si substrate. 

While during deposition step (typically the shorter step), a protective fluorocarbon film is 

deposited on the horizontal and vertical walls. In the next step, the etching plasma attacks 

selectively the horizontal surface while the vertical wall is protected by a passivating 

layer.[59, 64, 65]  

DRIE etching of silicon: To etch the through-holes, first, a thin layer of 100 nm Cr was 

deposited. After various lithography and alignment steps, the Cr was etched using a Cr 

etchant (TechniEtch Cr01, Microchemicals Inc.). Here, the Cr layer was used as the hard-

mask. Then, using RIE, the SiO2 layer was removed from the unmasked region. The DRIE 

process followed. 

 Table 2.2 The process parameter used for DRIE front and back etching. 

Front etching (Pressure: 10-30 mTorr) 
 

Temperature 

(oC) 

Time (sec) SF6 (sccm) C4F8 (sccm) ICP (W) RF (W) 

Etching -20 7 100 10 1300 30 

Deposition -20 5 5 100 1300 5 

Back etching (Pressure: 10-30 mTorr) 
 

Temperature 

(oC) 

Time (sec) SF6 (sccm) C4F8 (sccm) ICP (W) RF (W) 

Etching -20 7 120 10 1500 30 

Deposition -20 3 5 100 1300 5 

 

Through-holes were eventually obtained by optimizing the etching parameters and 

processing steps as shown in Table 2.2. On the last step, the Cr mask layer was removed. 

Further to this, the wafer was cleaned in a Piranha solution at 110 oC so as to remove 

organic residues. The patterned wafer was diced into 4.1 x 5.6 mm2 pieces. In the optimized 
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fabrication flow, the electrodes were deposited first, followed by the DRIE step and, 

finally, the elimination of the Cr protective layer (Figure 2.6). 

2.2.5 Wet Etching 

Potassium hydroxide (KOH) is commonly used as an etchant for wet etching. KOH etching 

has been widely used for the fabrication of grooves, trenches, diaphragm, channels and 

wells. KOH etching is mostly employed for <100> Si wafer and it is sensitive to 

crystallographic orientation. Rectangle/square structures can be easily etched in form of V-

grooves with four sidewalls (111) and (100) bottom. The etching is inhibited by self-

limiting depth, insulating material, doped region or by simply removing the wafer after a 

pre-defined time.[59, 66] 

 

Figure 2.10 A typical structure of silicon <100> wafer after KOH etching.[67] 

The etch rate is primarily governed by the concentration of etchant, temperature of the bath, 

uniformity of temperature, stirring and by-product escaping rate. Commonly, low-stress 

silicon nitride grown by LPCVD is used as a mask layer because it has a selectivity on the 

order of Si:SiNx 2000 nm:1 nm.[61]  The angle between (100) and (111) Si planes is 54.7o. 

Self-limiting depth can be calculated by: 
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Wm = Wo + 1.41 x d,    (Equation 2.1) 

Where, d = self-limiting depth, Wm = width of mask opening and Wo = width at the end 

after etching wafer till d thickness.[67] 

2.2.5.1 KOH Etching of silicon 

The samples were prepared from Si <100> wafers covered with a 200 nm LPCVD silicon 

nitride layer. The photoresist was first patterned by the methods explained previously. 

Using RIE etching, the SiNx layer was etched afterwards. Before inserting the patterned Si 

wafer into the KOH bath, the photoresist layer was stripped. The concentration and 

temperature of the KOH bath were 36% and 75oC, respectively. An etch rate of 35-40 

µm/hour was obtained. The height profiles of etched regions were measured periodically 

using a Veeco Dektak 150 surface profilometer.  

2.3 Fabrication of Membraneless Chips 

Using the above methods, the fabrication of various designs of TEM chips was carried out. 

The process flow used to fabricate design I chip is shown in Figure 2.10. The process was 

started with a four-inch wafer. For the electrode deposition, the photoresist was spin-coated 

and subsequently exposed. 

Further, the electrodes were sputtered on the wafer and lift-off was carried out. Before 

etching of wafer initiated, the Cr hard mask was deposited on the patterned wafer. After 

required lithography, the etching was proceed in steps as follows first Cr wet-etching, then 

SiO2 etching using RIE and Si etching using DRIE. After the processing was complete. The 

wafer was diced using the blade or laser dicing machine.  
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Figure 2.11 The process flow used to fabricate design I chips. 

Since no membrane was present in the trench, they were named as “membraneless” 

chips.[68] Various designs of membraneless chips along with the corresponding 

fabrication steps are shown in Figure 2.11. The trenches in the chips based on the designs 

I and II were, primarily, prepared by dry etching. The chips based on designs III and IV 

were fabricated using both dry and wet etching. Of note, the design I required only front 

etching to create through-wafer trenches. For the other designs, both front and back etching 

were used. The front patterns for the design-II chips were similar to the one in previous 

case. After depositing electrodes on the front side and trenches having etched to half of the 

initial thickness of wafer, the back windows were etched using DRIE. For the chips with 

designs III and IV, the back windows were etched to the desired depth on the blank wafer 
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using KOH etching. In the second stage, the front electrode patterns were deposited and, 

subsequently, front trenches were excavated using dry etching.  

 

Figure 2.12 Schematic illustration of different configurations of the membraneless chips 

along with SEM images and the fabrication steps used for the same. 
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Chapter 3 Current-induced Breakdown of Silver Nanowires 

3.1 Introduction 

To understand the physical and chemical properties of one-dimensional (1D) nanoparticles, 

it is necessary to analyze them both at the level of the isolated component and of the 

aggregate. With respect to the latter, pressing a sample of nanowires (or nanotubes) into a 

pellet (or film) and measuring, for instance, its electrical properties is a trivial task. The 

same, however, cannot be said for individual nanoparticles. Probing these requires 

specialized instrumentation such as conductive atomic force microscopes, scanning 

tunneling microscopes or nanomanipulators integrated with probe stations.[15-17, 69-71]  

Powerful as they may be, these tools lack the breadth necessary to study an individual 

nanoparticle in its different physicochemical aspects (composition, structure, properties, 

etc.). In this respect, and for the last three decades, the transmission electron microscope 

(TEM) has evolved into a tool of excellence for the characterization of nanomaterials where 

the range and amount of extractable information/data has been continuously expanding as 

more detectors and techniques are coupled to it.[38, 72-75] This includes electrical probing 

which, presently, can be performed alongside mechanical, chemical and structural 

analyses.[18, 76, 77] An example of how to conjugate electrical manipulation with 

mechanical essays was described by Costa et al. when individual carbon nanotubes filled 

with Ga-doped ZnS were voided of their content, via directional Joule heating, and their 

elastic modulus estimated before and after this change.[78]   

Bulk Ag is known for its high electrical conductivity, good chemical stability and resilience 

against electromigration[79]. When scaled down to nanowires (NW), it is possible to 



55 

 

fabricate meshes that work as an electrically-conductive (and transparent) layer in flexible 

devices such as touch panel displays[80-82], light-emitting diodes[83-85], fuel cells[86-

88], solar cells[1, 89, 90], soft robotics actuators[91], electromagnetic interference 

shielding[92], energy storage systems[93-95] and nanogenerators[96]. Further to this, Ag 

NW has been proposed as interconnectors for next-generation electrical devices.[97]  

In the numerous cases highlighted above, a critical aspect to consider is the response of the 

Ag nanowires to prolonged electrical stress and associated failure mechanisms. Several 

reports have addressed this issue but, invariably, experiments were performed in straight, 

column-type 1D nanostructures (or assumed to be).[97-101] However, this does not reflect 

entirely real systems as Ag NWs can have large aspect ratios and show undulated shapes 

(i.e. initially crooked configurations), particularly when mixed with polymers or when 

suspended, between two electrodes, in a bridge-like disposition. It is also known that 

bending stresses can alter the physical properties of nanowires and their composites.[102-

105] Accordingly, the analysis of Ag NW-based composite films (such as those proposed 

for flexible electronics) should ideally include electrically-stressed 3-point flexural 

essays.[2, 105, 106]  

Herein, the electrical response and current-induced breakdown of suspended Ag NW were 

studied using in-situ TEM. Besides identifying several modes of deformation and failure, 

these discrete-level experiments revealed how differentiated the behavior is depending on 

the initial shape of the interconnecting nanowire. 
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3.2 Experimental Methods 

Metallic Ag nanowires suspended in isopropyl alcohol (IPA) were procured from Sigma-

Aldrich (CAS # 7440-22-4). This sample was further diluted by adding fresh IPA (Sigma-

Aldrich, CAS # 67-63-0) and then drop-casted onto custom-made chips for in-situ TEM 

electrical probing. [68] Scanning electron microscopy (SEM) analysis was performed on a 

Quanta 600 (FEI Company, Inc.). For the Raman spectroscopy, an Alpha 300RA 

spectrometer (WITec, GmbH) with a 532 nm laser source and a 100x objective lens was 

employed. The Raman was used mainly to characterise the coating layer of the Ag 

nanowires. 

3.3 Results 

3.3.1 Ag Nanowire Characterization 

 

Figure 3.1 a) Bright-field TEM image of the as-received Ag nanowires; b) frequency 

distribution of the Ag nanowires diameter, the height of the bar represents the number of 
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nanowires and the width of each bar is 10 nm, inset: representative high resolution TEM 

image showing a thin organic coating on the Ag NW surface; c) SAED pattern of a section 

of an individual Ag nanowire, the yellow and blue boxes are diffraction patterns from the 

overlapping zone axis [001] and [112], respectively; d) EDX spectrum of the Ag nanowire; 

e) TEM image of the Ag NW-1, suspended between two Pt electrodes, along with the 

schematic setup for electrical measurements; f) two-probe I-V curve of the system in e).  

The as-received sample consisted of Ag NW with various lengths, in the order of tens of 

micrometers (15-60 µm), as shown in Figure 3.1a. The range of diameters was large (from 

65 to 195 nm) and followed a tailed Gaussian-like distribution with an average diameter 

close to 95 nm (Figure 3.1b). High-resolution imaging revealed that the NW were covered 

with a very thin layer, commonly <5 nm (inset of Figure 3.1b). This is expected as the 

literature is consistent in stating that these coatings protect metallic Ag nanoparticles from 

aggregation, corrosion and other surface reactions.[107, 108] Selected area electron 

diffraction (SAED) patterns were collected to analyse the crystalline structure of the Ag 

NW. For the most part, these had penta-twinned cross-sections, as confirmed by the 

patterns showing overlapping of the [001] and [112] zone axes (Figure 3.1c). This kind of 

complex diffraction pattern is a well-reported feature of Ag NW grown along the ‹110› 

direction. [109-111] The elongated diffraction spots are assigned to the presence of elastic 

strain in the nanowire. The chemical purity of the nanoparticles was confirmed by EDX, 

as shown in Figure 3.1d. This is expected as the literature is consistent in stating that these 

coatings protect metallic Ag nanoparticles from aggregation, corrosion and other surface 

reactions.[107, 108] As for the coating, Raman spectroscopy identified it as carbon-based 
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(Figure 3.2). Most likely, the profusion of peaks between 1050 and 1750 cm-1 derives from 

polyvinylpyrrolidone (PVP), a common surface protecting agent used in solution-based 

synthesis of Ag NW.[108, 112] Of note, the organic shell was sensitive to the Raman’s 

laser beam and, at more than 1 mW of power, it underwent carbonization. The change is 

visible in the post-exposure spectrum (Figure 3.2) where two distinct peaks appear, these 

corresponding to the well-known D- and G-bands present in carbon materials. [113, 114] 

 

Figure 3.2 Raman spectra of coating material on Ag NW in as-received condition and after 

laser induced carbonization. The layer present on Ag NWs was sensitive to laser beam. 

Sample for Raman analysis was prepared by drop casting dispersion of Ag-IPA solution 

on Si wafer. 

3.3.2 In-situ Stimulus Exposure of Ag Nanowire: Electrical Stress Exposure 

Using drop-casting, the Ag NW were suspended from Pt electrodes and positioned over 

the through-holes of the custom-made chips (Figure 3.1e). To absorb excess liquid, a filter 

paper was placed underneath. Upon taking the chips for SEM imaging, it was observed that 
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a good number of them hosted bent nanowires (following sections). This can be justified 

by the effect of surface tension: an increasing downward force is exerted on the suspended 

nanowire as the IPA solvent evaporates or gets absorbed by the filter paper. After drying, 

the chips were taken to the TEM where they were probed electrically in a two-probe 

configuration (Figure 3.1e).  

Table 3.1 Electrical resistance and calculated resistivity of Ag nanowires. 

NW # Diameter of NW 

(nm) 

Length of NW 

(µm) 

Resistance (Ω) Resistivity 

(Ω-m) 

1 110 17 370 2.1E-07 

2 175 13 305 5.6E-07 

3 300 22 285 9.2E-07 

4 98 12 467 2.9E-07 

5 85 20 560 1.6E-07 

6 120 22 520 2.7E-07 

7 85 30 320 5.0E-08 

8 75 16 650 1.8E-07 

9 117 32 332 1.1E-07 

10 146 17 350 3.4E-07 

11 97 13 462 2.6E-07 

12 128 14 394 3.6E-07 

13 70 10 1542 5.9E-07 

14 140 26 367 2.2E-07 

15 116 12 381 3.4E-07 

16 122 30 306 1.2E-07 

17 110 27 365 1.3E-07 

18 120 18 200 1.3E-07 

19 115 22 500 2.4E-07 

20 120 10 386 4.4E-07 

21 129 14 285 2.7E-07 

22 173 18 340 4.4E-07 

23 143 15 278 3.0E-07 

24 121 25 346 1.6E-07 

25 142 20 660 5.2E-07 
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26 150 19 500 4.6E-07 

27 83 18 860 2.6E-07 

28 135 25 412 2.4E-07 

 

The voltage was first swept from 0 to 100 mV to infer the total electrical resistance of the 

nanowire-electrodes system (the bias was kept purposely low to avoid Joule heating). 

Consistently, the current-voltage (I-V) curves obtained were linear, identifying the 28 

devices probed as Ohmic-type (Figure 3.1f). Given that the typical contact resistance of Ag 

NW with metal electrodes is <20 Ω [101, 115], i.e. much lower than the resistance (R) of 

hundreds of Ohms measured for the present systems (cf. Table 1), this term was overlooked 

when calculating the resistivity (ρ) of the interconnecting wire (eq. 1, where A refers to 

cross-sectional area and l to length):  

𝝆 =  
𝑹∗𝑨

𝒍
                 (Equation 3.1) 

As listed in Table 3.1, the resistivity values varied between 1.1E-07 and 5.0E-08 Ω-m.  The 

average of these values, 3.1E-07 Ω-m, is one order of magnitude higher than the resistivity 

of bulk Ag (1.6E-08 Ω-m) [98] which can be justified attending to size effects, structural 

defects and, as mentioned above, the presence of a carbonaceous shell or impurities.[89, 

90, 97, 116] 

3.3.3 Electrically Induced Failure of Ag Nanowires 

In electrical stress studies of 1D nanostructures, the rate at which the applied bias is 

incremented can considerably change the outcome of the experiment.[18, 99, 117] To 

evaluate this, fast- (≥10 V/s) and slow-rate (<10 V/s) in-situ TEM electrical probing 
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experiments were carried out on straight (or almost straight) Ag NWs. When using a fast-

rate regime, the interconnect breakdown took place suddenly and resulted in sectioning of 

the nanowire. In these cases, two opposite segments were observed with “drop-like” tips 

(an example, NW-2, is shown in Figure 3.3). Representative images of a nanowire before 

and after failure by electrical breakdown are shown in Figures 3.3a-b, respectively. This 

nanowire (length: 13 μm, diameter: 175 nm) was first subjected to incremental values of 

threshold currents (i.e. ramping up to 0.5, 1, 2 and 5 mA). The applied bias was incremented 

at rate of >20 V/s. During the last cycle (5 mA threshold), the device failed within a fraction 

of second and at a current of 3 mA, see Figure 3.3f. The resistance of this device (305 Ω) 

did not change for currents of less than 2.5 mA. As the rate of current flowing through the 

device was very high, it is expected that resistive (or Joule) heating took place. In the 

present case, a hot-spot developed at mid-length of the nanowire. Eventually, with the 

continuous increase in temperature, the melting point of the Ag nanostructure was reached 

and the wire broke. This resulted in two separate segments with “drop-like” ends (Figures 

3.3b-e). For each experiment, the video of the failure was recorded. 
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Figure 3.3 Low magnification TEM images (scale bar 2 μm) of Ag NW-2 a) before and b) 

after device failure; c) f) voltage vs. time (current and resistance) curve; d) and e) high 

magnification TEM images after failure. 

By contrast, the slow-rate approach induced a different behaviour, as illustrated with NW-

3 in Figure 3.4a. When the bias was applied (7 mV/s), the current flowing through the 

nanowire gradually increased (Figure 3.4b). Throughout, a gradual drop in resistance was 

seen. One reasoning is slow annealing of the contacts. [90, 98, 118, 119] In addition, 

electromigration and Joule heating may have induced stresses that resulted in a slight 

displacement of the nanowire/contacts (as seen by the downward movement signalled with 

the red-dash line in Figure 3.4a). In this system, necking occurred and, at 2.1 V (7.5 mA), 

the nanowire failed. “Needle-like” tips were seen (Figures 3.4c-d) and the failure point was 

closer to one of the electrodes. In both regimes, failure did not necessarily take place at 

mid-length of the NW-3 (Figures 3.4e-f), an observation that concurs with the literature 

and often explained by pinning of hot-spots due to structural defects or localized lattice 

strain.[120, 121]   
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Figure 3.4 a) Time series (panels I-IV) TEM images of NW-3 failure; b) voltage vs time 

(resistance and current) curve; c) and d) high magnification TEM images after failure; Solid 

and empty red arrows represent the failed sections of NW-3; e) and f) SEM images of failed 

NW-3 before and after failure, respectively.  
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3.3.4 Breakdown of Bent Ag Nanowires 

Observing that slow bias rates provided better control over the dynamics of the 

interconnects breakdown process, this approach was adopted to study the response of bent 

Ag NW to electrical stress. In the following, and besides nanowire sectioning, different 

types of behavior are described ranging from string-like resonance to electromigration. 

3.3.4.1 Failure by Buckling 

In Figure 3.5a, a 12 µm long nanostructure (counting from the edge of the electrodes) and 

98 nm in diameter is seen. This interconnecting nanowire (NW-4) has a radius of curvature 

of approximately 6 µm (note: before acquiring the image, the object was tilted to ensure 

that its 2D projection would represent the maxima of length/bending). Knowing that the 

relationship between bending strain (ε) and the radius of curvature (Rc) can be expressed 

by: 

ε =  r/(r + Rc)                   (Equation 3.2) 

, where r is the radius of the nanowire, it is possible to further estimate the bending stress 

(σ) initially present by: 

σ=E*ε                   (Equation 3.3) 

where is E is the Young’s modulus. 

While the Young’s modulus (E) of bulk Ag is 84 GPa,[122] for Ag NW with diameters 

ranging from 80 to 120 nm, this value varies between 70 and 100 GPa.[109, 123, 124] 

Therefore, by assuming E = 80 GPa, the bending strain and stress of NW-4 were 0.82% 

(±0.1%) and 654 MPa (±80 MPa), respectively. As the bending strain is roughly half of the 
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reported yield figure for bulk Ag (1.5%)[109] and one fourth of the bending strain of Ag 

NW (2.5-5.2%)[2, 106, 111], plastic deformation was not expected in the initial 

configuration of NW-4.  

 

Figure 3.5 a) Time series (panels I-IV) TEM images of a restructured Ag NW-4 (diameter: 

98 nm and length: 12 µm).; b) voltage vs time (resistance and current) curve ; c-d) TEM 

images of deformed NW-4 before and after failure, respectively.  

In tandem with video-recording, electrical probing data (voltage, current) were collected 

and processed in real-time (resistance). With an initial resistance of 467 Ω, the NW-4 was 

subjected to a monotonic increment of applied bias starting from 0 V and up to 1 V, at a 

rate of 10 mV/s (Figure 3.5b). With the exception of a small drop during the first few 



66 

 

seconds (likely due to contact adjustment), the overall resistance of this system remained 

constant for 35 s (blue curve in Figure 3.5b). Then, for about 5 s, another resistance drop 

occurred, possibly from the completion of contact curing.[90] Just before failure (ca. t = 

63 s), the resistance rose. As shown in Figure 3.5a, the configuration of the nanowire was 

stable up to t = 65 s (~0.75 V). Immediately after, the NW-4 buckled close to the left 

electrode (panel IV, Figure 3.5a) and, within a few seconds, failed. A significant structural 

change took place, as illustrated by the before (Figure 3.5c) and after (Figure 3.5d) TEM 

micrographs. 

The formation a hillock close to the anode and small voids near the cathode (panel IV, 

Figure 3.5a), indicated the occurrence of electromigration, a common phenomenon in 

metallic interconnects subjected to electrical stress.[99, 120, 121] However, and in contrast 

to the straight nanowires, there was no abrupt cut into two well-separated segments. The 

analysis of Figure 3.5c shows that the diameter of NW-4 necked to a minimum of 70 nm 

in the elbow region while sections of the organic coating became clearly visible (at this 

stage, possibly carbonized due to Joule heating, inset of Figure 3.5d). The final resistance 

of NW-4 was about 16 kΩ, indicating the role of the carbon shell as an alternative but less 

efficient path for conduction of electrons. It should be stated that, throughout the 

deformation process, the NW-4 did not move at the contact regions (cf. Figures 3.5e and 

3.5f).  

3.3.4.2 Failure by Buckling Preceded by Resonance  

The length of the Ag NW suspended section was dependent on the width of the trenches 

excavated in the Si wafers. In Figure 3.6a, NW-5 had a measurable length of 20 µm (i.e. 
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twice longer than NW-4), a diameter of 85 nm and a radius of curvature of 12 µm. As soon 

as the bias was applied, this interconnect moved at its apex (see panels I-III in Figure 3.6a, 

the red line was added as a position marker). With further bias increase, NW-5 started to 

vibrate just like the first harmonic mode of a string (t = 20 s, 0.4 V) and the resistance 

stabilised at 586 Ω. From 20 to 28 s, the amplitude of vibration appears to decrease and the 

arc flattened (panels IV-VI in Figure 3.6a). At t = 30 s, the arc started to move downwards 

indicating a shift to a string-like third harmonic mode (panel VII, Figure 3.6a). When the 

bias (current) was stopped, the vibration immediately halted and the nanowire returned to 

its initial configuration (i.e. panel I, Figure 3.6a) without signs of plastic deformation 

(Figure 3.6b). This first bias cycle is shown in Figure 3.6c. Following this, the NW-5 was 

electrically stressed until it failed (second cycle). The response was equal to that of the first 

cycle up until t = 30 s. Soon after, a full directional reversal of the apex took place at t = 

42 s confirming the existence of the third mode (0.85 V, panel X, Figure 3.6a). The entire 

sequence indicates that the suspended nanowire acts as a resonant string with the first and 

third harmonic modes pinned at 20 s and 42 s, respectively. Interestingly, the first overtone 

was not observed, possibly due to the rigidity of the contacts that impair large phase 

changes at the nodes of the interconnect. The exact reason behind this behaviour is not 

entirely clear. It might be of electromechanical nature, thermally induced (Joule heating) 

or a combination of both. Most likely, the imaging beam is another contributing factor. 
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Figure 3.6 a) Time series (panels I-XII) TEM images of the current induced restructuring 

of Ag NW-5 (bending strain = 0.35±0.1% and bending stress = 283±80 MPa), the red line 

act as a visual guide. Experiment performed in two cycles: 1st cycle (panel: I-VI) and 2nd 

cycle (panel: I-XII); b) high magnification TEM image before failure; c-d) voltage vs time 

(resistance and current) curves for 1st cycle and 2nd cycle; e) high magnification TEM image 

after failure. 

Past t = 42 s, the electromigration of Ag became more prominent and breakdown of NW-

5 was observed with a current injection of 1.3 mA (panel XI, Figure 3.6a and Figure 3.6f-

g). After its failure, the interconnect was still conducting (albeit with a much higher 

resistance, 16 kΩ). The second bias cycle is shown in Figure 3.6d. High-resolution imaging 
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of the failure section shows the presence of a corrugated graphene-like film after 

segmentation of the core Ag nanowire (Figure 3.6e). Just as for NW-4, this carbonaceous 

film kept the segments close-by and acted as an alternative path for charge conduction 

(explaining the similarity in resistance value after failure).  

3.3.4.3 Failure by Buckling with Retention of Function 

In the above examples, both bent nanowires broke down when exposed to an excessive 

current density. Nonetheless, the connection between the electrodes was kept due to the 

presence of the carbonaceous coating. Still, the change in electrical conductance was 

considerable which compromised the charge transport function of the nanowire. As it is 

shown below, this is not always the case since some bent Ag NW can retain their 

functionality despite undergoing structural breakdown. 

Initially, the Ag NW-6 seen in Figure 3.7a had an estimated bending strain and stress of 

0.64±0.1% and 516±80 MPa, respectively. With increasing current, the arc was seen to 

move from right to left, possibly in order to relax the structure. At t = 37 s (panel II, Figure 

3.7a), the current density passing through the radial cross-section of the 120 nm wide 

interconnect was 8.8E6 A/cm2. A few seconds later (t = 40 s, panel IV, Figure 3.7a), the 

nanowire broke down and its arc collapsed. In contrast to all previous cases, there was no 

segmentation and the connection to the two electrodes was kept (i.e. no inner gaps). In fact, 

the nanowire restructured completely in the failure zone (Figures 3.7b to 3.7d). The plastic 

deformation induced by electrically stressing the Ag nanowire resulted in shortening of the 

interconnect length and the presence of a heavily deformed “knot-like” section in it. 

Electron diffraction patterns were collected from this section (Figure 3.8), demonstrating 
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that the long range order of the crystalline structure was lost due to the inclusion of defects 

commonly associated with shear bands (dislocations, twins…). Throughout the first bias 

cycle performed on the NW-6 (Figure 3.7e), the current followed the same trend as in the 

previous examples. However, when a second cycle was taken (Figure 3.7f), it showed that 

the resistance readings for the NW-6 (after the breakdown) were much lower than 

analogous ones for NW-4 and NW-5. In fact, whereas the resistance increased from 600 Ω 

to ~16 kΩ for NW-4 and NW-5, for NW-6 this difference was considerably smaller (from 

520 Ω to ~7 kΩ).   

 

Figure 3.7 a) Time series (panels I-IV) TEM images of restructured Ag NW-6; b)-d) high 

magnification TEM images of from the deformed region with twinning planes present in 
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shear bands; e) and f) Voltage vs. time (resistance and current) curves for the first cycle 

and second cycle, respectively. 

 

Figure 3.8 Effect of restructuring on SAED patter of NW-6 (Figure 3.7); a) SAED pattern 

of NW-6 before restructuring; b) TEM image after forming deformed structure and the red 

circle in the image roughly represent the area from where the SAED patterns were taken 

(in total, 4 SAED patterns were collected from different areas and the Roman numbers are 

just for reference); c-f) SAED patterns of NW-6 after restructuring showing polycrystalline 

nature of deformed region. 

The reduction achieved in post-breakdown resistance implied that it was possible to retain 

some degree of functionality on the failed Ag interconnect. Further investigation confirmed 

and expanded on this observation. The NW-7 had, initially, a length of 30 μm and 85 nm 

of diameter (panel I, Figure 3.9a). The estimated bending stress was 425±80 MPa (at a 
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bending strain of 0.53±0.1%). Soon after the bias application, a section of the nanowire 

started to vibrate in a first-order mode (t = 16 s in panel II, Figure 3.9a). Unlike NW-5, this 

was not centred at the curvature apex of the bent nanowire but rather in the half closer to 

anode (i.e., the electrode on the right). It is interesting to note that the resonant behaviour 

is pinned to a place on the nanowire where a couple of small fragments sit (Figure 3.9b). 

Their presence may have locally damped the vibrations implying a high sensitivity of this 

resonant system to foreign bodies. Further to this, the vibration was intermittent as it would 

stop (e.g. t = 33 s, panel III in Figure 3.9a) and re-initiate again in a first-order mode during 

the same bias cycle (e.g. t = 93 s, panel IV in Figure 3.9a). These may relate to higher order 

vibration modes that were partly frustrated due to the short length of the resonant section.  

As concerns the transport of charge, and up until the nanowire broke down and re-

structured, the current increased monotonically with the applied bias (first cycle, Figure 

3.9c). The curves of the first cycle proceeded in two stages (as the bias rate was changed). 

First, from t = 0 s to t = 175 s, the rate used was 1 mV/s; then, from t = 176 s to 390 s, the 

rate was 1.7 mV/s. Stages in the ramps can be seen which corresponded to periods of 

constant bias application. This was done to follow the stability of NW-7 under constant 

bias or observe the interconnect in more detail (e.g. to take HRTEM images). Interestingly, 

between t = 55 s and t = 270 s, the resistance rose continuously from 281 Ω to 320 Ω (at a 

higher rate during the second stage of bias application). At t = 270 s (1.30 mA), a sudden 

drop was observed which was accompanied by a very visible change in the shape of the 

nanowire (panel VI, Figure 3.9a). Similar to NW-6, there was no segmentation of the 

interconnect, with restructuring taking place instead (Figure 3.9d). However, while NW-6 
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underwent extensive plastic deformation, for the NW-7 the integrity of the Ag at the failure 

section was less notable. Still, and as seen from the inset of Figure 3.9d, the crystal order 

of the nanowire changed to a polycrystalline arrangement. Overall, this restructured region 

of NW-7 resembled other junctions made by the welding of two different nanowires. [1, 

90] Again, shortening of the interconnect occurred with a reduction in length of more than 

3 µm. 
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Figure 3.9 a) Time series (panels I-VI) TEM images of self-repaired NW-7; b) TEM image 

of from panel I marked by solid black arrow, inset: high magnification image from the 

rectangle section; c) voltage vs. time (resistance and current) curves for the 1st cycle; d) 

TEM image of NW-7 after structural modification from panel VI marked by solid red 

arrow, inset: high magnification image from the rectangle section; e) voltage vs. time 

(resistance and current) curves for the 2nd cycle; f) TEM images of NW-7 after failure 

from panel VI marked by empty red arrow, inset: high magnification images. After 

deformation, the NW-7 reacted similar to straight NW-3 and failed with “needle-like” ends. 

To test the functional integrity of the restructured NW-7 interconnect, the bias was applied 

a second time (Figure 3.9e). Remarkably, the resistance of the system stood at 360 Ω which 

is a value similar to that before the breakdown (320 Ω). This observation implies that the 

contacts remained electrically and structurally stable, with the restructured region 

accounting for the 40 Ω increment. With additional bias increase, the current flowing 

through the device reached a maximum value of 1.25 mA when the nanowire failed (at t = 

290 s). As shown in Figure 3.9f, this occurred via necking and segmentation resulting in 

the formation of sharp tips akin to those seen in failed straight nanowires (cf. NW-3, 

above). Most interestingly, the location of failure was not where the mended part was but 

in another section of the nanowire (marked with empty arrow in panel VI, Figure 3.9a). 

This implies that upon the re-structuring phase the nanowire “self-healed” and the 

polycrystalline knot was no longer the “weakest link”. 
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3.4 Ex-situ stimulus exposure of Ag nanowire: electrical and thermal 

stress exposure 

A major advantage of the membraneless chips described in this work is the possibility to 

use them outside the TEM (ex-situ) for further characterisation and processing. Such an 

action opens up a window to true correlative analysis at the single particle scale. 

3.4.1 Electrically induced failure of Ag nanowires 

One commonly debated drawback of in-situ TEM is the effect of the electron beam. 

Momentum and/or energy transfer, derived from exposure of the sample to a highly 

energetic beam of charged particles, can significantly influence the outcome of the 

experiments. Strategies to mitigate this include lowering the electron beam voltage (i.e. the 

particles kinetic energy), the current density (i.e. the total charge incident on the sample 

per unit area), decreasing the temperature or repeating, when possible, the experiments “in 

the dark” (i.e. the electron beam is blocked while the measurements are performed). 

Another issue that is often discussed is the environmental conditions. The high (or ultra-

high) vacuum level inside an electron microscopy column is hardly representative of the 

operational conditions of a “real” device. Put together, there is a clear need to reproduce 

the in-situ experiments outside the TEM and, with this, approximate the data to a more 

realistic environment. 

Following the above, analogous experiments to study the failure of Ag nanowires subjected 

to high current density were performed outside the TEM. The procedure to load and isolate 

the nanowires on the chips was described previously. First, the devices were imaged with 
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optical and SEM microscopes. Once the object of study was identified, the electrical 

probing followed. For this purpose, a conventional probe station, capable of holding a low 

vacuum and bearing a micro-positioner, was used. An example of these experiments is 

given in Figure 3.10. SEM images of the device taken before the failure response study 

show how the nanowire sits on top of the electrodes, its shape and overall length. Note that 

such information is not available when imaging in the TEM because the area surveyed 

(~100 µm2) is too large to be captured in one image (apart from the fact that the SEM 

provides a much better 3D perspective). Considering the configurations discussed above, 

the nanowire in Figure 3.10a was classified as slightly bent. Note that the gap of the 

electrodes was >10 µm. As video recording with sub-micron resolution was not available 

in the probe station, the experiment was followed through the I-V curve (Figure 3.10c) and 

stopped when the current dropped suddenly. As pointed out before, this event indicates the 

electrical breakdown of the interconnect and was confirmed by “post-mortem” SEM 

images (Figure 3.10b). The inset in Figure 3.10b, indicates that a significant amount of 

electromigration occurred before the electrical breakdown of the nanowires. Moreover, the 

formation of a hillock, close to the right-hand electrode, is visible. Overall, the response of 

the interconnect was similar to analogous configurations followed in-situ, both in respect 

to the structural failure and I-V curve.  
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Figure 3.10 Ex-situ failure behaviour of Ag NW. (a) and (b) SEM images of NW before 

and after failure. (c) time vs. resistance curve (voltage, current). 

Restructuring in highly bent nanowires was also observed in ex-situ devices. While the 

nanowire in Figure 3.10 was only slightly bent, another device was studied where the 

interconnect had a noticeable arc and the trench was <10 µm. Figures 3.11a and 3.11b show 

how the bent nanowire underwent significant restructuring before breakdown. The 

structural failure took place in the right-most half of the interconnect. The I-V curve (Figure 

3.11c) indicates that a threshold of current was reached at t = 150 s and lasted for about 15 

s, before the sudden drop that identifies full segmentation. During this interval of time, the 

voltage continued to be raised at the same rate. It is likely that melting and restructuring 

took place and anticipated the interconnect’s failure. Given the absence of video imaging 

it was not possible to characterise the intermediate restructuring stage before the final 

breakdown.  

It is worth noting that the current levels at which the breakdown occurred during the ex-

situ experiments are in the same order of magnitude of the corresponding in-situ ones. 

Added to the similarity of structural failure responses, this implies that the contribution of 

the electron beam is not dominant in the breakdown mechanism and the threshold of 

current density is mainly a function of the nanowire characteristics (length, diameter, 

density/nature of defects…).  
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Figure 3.11 (a) and (b) SEM images before and after ex-situ restructuring behaviour of Ag 

NW. (c) voltage vs. time (resistance and current) curve.  

3.4.2 Thermal processing of Ag nanowires: TEM characterization 

Besides the possibility of undertaking correlated in- and ex-situ studies, another advantage 

of the chips is their outstanding resilience. They can withstand exposure to a wide range of 

temperatures, to chemically reactive environments and they have a mechanical sturdiness 

not found in the membranes-based chips. 

To demonstrate this, some of the devices were subjected to thermal processing in air and 

vacuum. After loading a chip with Ag nanowires and selecting one in the SEM as the object 

of study, images were taken inside the TEM to characterise the initial state of the 

interconnect (Figure 3.12a). The corresponding in-situ electrical analysis showed that the 

device had a resistance of 400 Ω. The chip was then taken out of the TEM and placed in a 

bench-top tubular furnace and subjected to three heating cycles under air, each with a 

different target temperature (180 oC, 300 oC and 450 oC). At the end of each heating cycle, 

the chip would be collected from the furnace and inserted in the TEM to study the structure 

and electrical response of the interconnect. After the first cycle (at 180 oC), no changes 

were observed (Figure 3.12b). With the next cycle (at 300 oC), the nanowire melted 
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partially in the sections closer to the electrodes. At this stage, the resistance increased 

considerably, to values of a few MΩ. This observation concurs with other reports that 

mention thermal degradation of Ag nanowire network from 260 oC onwards. [125] Finally, 

when the chip was exposed to 450 oC, the nanowire was eliminated (Figure 3.12c). At this 

temperature, the thin organic coating is consumed and the Ag melts entirely. This puts the 

Ag nanowire melting temperature (in air and P ~760 Torr) at <300 oC which is less than 

one third of bulk Ag (962 oC). [118, 125] 

 

Figure 3.12 a) - d) TEM and STEM images of NW subjected to ex-situ isothermal 

annealing at 180oC, 300oC and 450oC, in air. 

A similar ex-situ experiment was performed on another device but this time, instead of 

static air (with P ~760 Torr), the quartz tube was evacuated (P ~50x10-3 Torr). The bent 
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nanowire in Figure 3.13a was subjected to four heating cycles with target temperatures of 

180oC, 300oC, 450oC and 700oC). Initially, the conductivity improved after vacuum 

annealing at 180oC. Measured inside the TEM, the resistance dropped from 460 Ω to 385 

Ω. While this change represented a departure from the previous case, the difference in 

structural response was striking. In Figure 3.13b, the onset of necking and deposition of 

nanoparticles on the interconnect are quite visible. The section where this took place was 

close to mid-length of the arched nanowire.  

 

Figure 3.13 a) - e) TEM and STEM images of NW subjected to ex-situ isothermal annealing 

at 180oC, 300oC, 450oC and 700oC, in vacuum. 
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Remarkably, a large proportion of the nanoparticles are decorating the outside of a tubular 

shell that originated from the thin organic coating. The contrast on the STEM images is a 

good indication that the nanoparticles are most likely the product of melting (or 

sublimation) of Ag and its immediate re-condensation upon cooling. The cycles at 300oC 

and 450oC confirmed the structural degradation of the nanowire (Figures 3.13c and 3.13d). 

Not only did the degree of Ag re-deposition increase but sintering of some of the 

nanoparticles started to occur (nanorods were perfectly visible on the outside of the tubular 

shell). As for the electrical resistance, this was greatly increased, to values in the order of 

MΩ (Figure 3.14). The full segmentation of the nanowire eliminated the preferred electrical 

conduction path, leaving the tubular shell as the only way to transport charge. At 450oC 

and under vacuum, the polymer coating got partially carbonised (as per the correlated 

Raman characterisation, see the next section). Its nanotexture, however, is not yet 

developed enough to ensure good electrical conduction. When the temperature was 

increased to 700oC, the Ag nanoparticles sublimed entirely, resulting in large gaps in the 

carbonised tubular shell (Figure 3.13e). Interestingly, a replica of those nanoparticles got 

imprinted in the walls of the carbonaceous structure. One possible explanation is the Ag 

nanoparticles effectively being core-shell structures wherein the inner part was Ag and the 

outer part, extruded carbon. Akin to processes of gas carbonization catalysed by transition 

metals, the volatile gases evolving from the organic coating could have been trapped, 

dissolved and re-deposited as a shell upon the melting and cooling of Ag. [125] Further 

increases in the target temperature would very likely result in the full vaporization of the 



82 

 

Ag. This would have left behind the product of the coating’s carbonization, i.e. an empty 

tube of turbostractic carbon. 

 

Figure 3.14 IV curve of Ag Nanowire before and after thermal processing at 700oC. 

3.4.3 Thermal processing of Ag nanowires: Raman characterization 

During the ex-situ thermal annealing cycles in vacuum, Raman spectra were collected at 

the end of each benchtop experiment to assess the structural evolution of the organic 

coating. This type of correlated analysis is another unique feature made possible with the 

present chips. In other words, the same chip, bearing the same Ag nanowire, fits in the 

TEM, the SEM, the probe station, the Raman spectrometer, the tubular furnace, etc. 

Figure 3.15 shows the spectra of the coating, as-received and after each heating cycle. In 

its initial state, a set of overlapping peaks was present between 1000 cm-1 and 1700 cm-1, 

a common feature of polymer films (the exact identity of the coating was not disclosed by 

the vendor but it is assumed to be polyvinylpyrrolidone (PVP). [126, 127] When the first 

heating cycle was finished, the analysis showed significant changes with the spectrum 

resembling that of amorphous carbon. Two overlapping bands are seen with maxima at 
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1300 cm-1 and 1600 cm-1. These are commonly assigned as the D- (or disordered) and the 

G- (or graphitic) bands. [128] With further increases of the annealing temperature, the D- 

and G-peaks became more separated and this was particularly visible at 450oC. The G-peak 

at this temperature was well-defined with a relatively small full-width at half maximum. 

All of this is in agreement with the observations of TEM and provides further insights into 

the development of the carbonaceous coatings. A stepwise carbonization takes place as the 

target temperature of the heating cycles is increased. [16, 128, 129] However, the spectra 

from 450oC to 700oC contains changes that do not conform with this trend. The peaks 

become less separated and broader and the intensity of the D- and G- bands is almost equal. 

The reason for this is a well-known phenomenon which underpins a technique called 

surface-enhanced Raman spectroscopy (SERS). Ag is one of the few metals capable of 

promoting increased plasmon resonance and a workhorse substrate for SERS. In the present 

case, at 450 oC, the sintering of Ag nanoparticles and texture development of the carbon 

shells got to a point that the surface scattering enhancement is maximised. Therefore, the 

peaks are more separated and the G-band is well-defined. With the subsequent vaporisation 

of the Ag (at 700oC), this effect is lost and the bands become a typical fingerprint of 

turbostratic carbon. This was also confirmed from the high-resolution TEM images (Figure 

3.13e) where the nanocrystalline graphitic planes are visible. 
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Figure 3.15 Raman spectra of the nanowire imaged in Figure 3.13 in the as-received state 

and after being thermally annealed at 180oC, 300oC, 450oC and 700oC, in vacuum. 

3.5 Discussion 

The electrical stress experiments were carried out in the environment of a TEM column, 

i.e. with exposure to a high-energy electron beam (300 keV) under high vacuum (~10-5 Pa). 

From the results above, it is evident that there is a range of responses from suspended Ag 

nanowires acting as interconnects between two metal electrodes with equal work-function. 

These responses can be categorized according to the initial configuration of the nanowires, 

whether straight or bent, and the rate at which the bias is applied (Figure 3.16). 

Straight Ag Nanowire: if the suspended nanowire has a straight configuration then its 

breakdown will occur in one of two ways: 1) segmentation with formation of “drop-like” 

ends or, 2) segmentation with “needle-like” ends. The case is quite simple as the driving 
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factor is the rate at which the bias is applied. Fast-bias will lead to a “drop-like” breakdown 

whereas slow-bias will induce necking before breakdown. Therefore, the response is 

entirely dominated by the rate and density at which the current transverses the interconnect. 

Raising the dose of the imaging beam (within the normal interval associated with medium- 

to high-resolution imaging) did not influence the response type. Presumably, the electron 

dose may exert some influence in the kinetics of the process but not the mechanism of 

breakdown. Still, in all experiments, steps were taken to minimize the influence of the 

imaging beam. 

 

Figure 3.16 Flow chart of different current induced responses in straight and bent 

nanowires.  

Bent Ag Nanowire: as expected, the suspended Ag nanowires bearing an initially bent 

configuration had a more complex response. Besides breakdown, the bent interconnects 

showed two interesting phenomena: resonance and restructuring. In regards to the first, it 

was possible to induce a string-like resonant behaviour in a number of nanowires. This 
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phenomenon was non-intentional and, when happening, preceded the restructuring and 

breakdown phases. As far as we could observe, it did not result in plastic deformation nor 

did it change the contact regions of the interconnect. While a self-oscillating response was 

previously reported for SiC nanowires, [130, 131] this is the first observation of such 

behaviour for suspended Ag nanowires subjected to DC bias. Restructuring was another 

interesting phenomenon that preceded breakdown and which took place in varied ways. In 

the Results section, four representative examples of the restructuring modes were 

described; the main characteristics of these nanowires (NW-4 to NW-7) are listed in Table 

3.2 (in total, 10 bent nanowires were studied, as listed in Table 3.1). 

Table 3.2 Calculated bending strain and stress values of different restructured nanowires. 

Numbering (#) follows that of Table 3.1. 

NW-# 

Diamet

er 

(nm) 

Length 

(µm) 

Radius of 

curvature 

(µm) 

Bending 

strain 

(±0.1%) 

Bending 

stress 

(±80 MPa) 

Resistance 

before 

restructurin

g (Ω) 

Resistance 

after 

restructurin

g (Ω) 

NW-4 98 12 6 0.82% 654  467 15750 

NW-5 85 20 12 0.35% 283  560 15465 

NW-6 120 22 9 0.65% 516  520 7061 

NW-7 85 30 8 0.53% 425 320 360 

 

From Tables 3.1 and 3.2, the initial resistance values fall majorly in the interval 250-750 

Ω. Recently, Bernal et al. derived a relationship between resistance and strain for 

suspended nanowires [100]: 

𝑅(𝜀) = 𝑅𝑜 + [𝑅𝑜(1 + 2𝜐)]𝜀               (Equation 3.4) 
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, where ε is the calculated bending strain, υ is the Poisson ratio (which for Ag nanowires is 

0.37) [100] and the R(ε) and Ro are resistance values that are calculated at the initial 

bending strain and an idealized zero strain situation, respectively. Taking NW-7 as an 

example, the R(ε) and Ro were 320 Ω and 317 Ω, respectively. Hence, and within the 

interval analyzed (0.3 – 0.8 %), the bending strain did not exert a significant influence on 

the initial electrical resistance of these interconnect-electrode systems.  

It is known that Joule heating and electromigration reduce the mechanical strength of 

metallic interconnects.[132-134] In the present work, the melting of the Ag nanowires 

started when these were subjected to a current density in the order of 106 A/cm2. At this 

stage, and attending to the slow-rates of applied bias, the bent interconnects invariably 

underwent a structural rearrangement. Though the final configuration obtained was not 

uniform, restructuring can be reasoned as a mechanism to relax the strained nanowires as 

it approximates them from the “straight nanowire” configuration. In that sense, and while 

constituting a failure event, this phenomenon did not necessarily compromise the function 

of the nanowires in transporting charge. For this reason, a distinction needs to be made 

between restructuring and breakdown for bent interconnects. Breakdown refers therefore 

to full segmentation of the nanowire resulting in two distant and well-separated segments 

(i.e. without contact between them). During the restructuring phase, the presence of the 

carbonaceous coating is critical. Now carbonized, due to resistive heating under vacuum, 

it has a dual role since it offers an alternative path for charge conduction (albeit with a 

much lower conductivity than the metallic Ag) and acts as a stabilizing sleeve that delays 

full segmentation. Logically, upon further increments of applied bias, these linking carbon 
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layers will reach their current density threshold and disintegrate (i.e. breakdown, as 

defined). In those cases where the rearrangement did not result in the formation of gaps 

along the Ag nanowire, the restructured region showed knots with varied degree of crystal 

order. In cases such as that of NW-6 (Figure 3.7), the knot included several shear bands 

and twins, both characteristic features in metals deformed plastically by compressive 

forces.[135, 136] More remarkably, in situations such as those of NW-7, smaller crystalline 

grains condensed along the knot which enabled the preservation of electrical conductivity 

in the interconnect. It is not clear what factors localize the rearrangement but it is possible 

that fatigue and location of structural defects in the initial nanowire (whether closer or not 

from the electrodes, for instance) could play an important role. As for the re-crystallization 

stage, the directionality of the relaxation, strength of the carbonaceous sleeve and/or the 

rate of heat dissipation could account for how fast the molten Ag re-solidifies and what the 

final shape/length of the knots is. Finally, past the restructuring phase, the initially bent 

nanowires will breakdown in a similar way to the straight nanowires. Here, the point of 

segmentation will be either the carbon bridge (as there will be no contact through the Ag 

segments) or, in the case of NWs such as NW-6 and NW-7, some other location outside 

the region of the knot.  

3.6 Conclusions 

Ag nanowires were drop-casted onto the chips and a number of discrete bridge-like 

nanowire devices were produced. The resistivity of the devices was between 5.0E-08 Ω-m 

and 1.1E-07 Ω-m, with an average of 3.1E-07 Ω-m. At high current density (higher than 

1E7 A/cm2), structural failure of the nanowires was observed. The breakdown is caused by 
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the tandem-action of electromigration and Joule heating. Furthermore, it was found that 

the rate of current flow plays a major role in governing the structural breakdown dynamics. 

Generally, the straight nanowire devices failed either via a “drop-like” or “needle-like” 

edges mechanism.  

For the cases where the suspended nanowires were bent, different failure responses were 

observed. The crooked interconnectors were the result of relatively large surface tension 

forces. In these cases, the calculated values for bending strain and stress were between 

±0.30–0.80% and 283-654 MPa, respectively. As the measured stresses were small 

compared to the known bending strain of Ag nanowires (>2%), no plastic deformation took 

place in the absence of applied bias. Under the combined effect of high current density and 

bending stresses, the nanowires underwent structural rearrangements that avoided the 

segmentation that typically occurred for the straight counterparts. Additionally, the total 

length of some of the nanowires was visibly reduced. Other phenomena worthy of note 

were also observed for the bent nanowires. These included self-oscillation and buckling. 

In fact, the buckling, the onset of shear bands and the reduction of the nanowire’s length 

after restructuring, all point to the presence of a considerable mechanical load 

(compressive) acting on the nanowires. This is relevant as most of the electromechanical 

studies of nanowires in the literature has been carried out in tension. As such, the 

identification of restructuring in bent Ag nanowires could have implications in the design 

and fabrication of future flexi-transparent electronic devices based on these 1D 

nanostructures. 
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The robustness and stability of the custom-made chips allowed us to explore other 

applications such as ex-situ processing of the chips at high temperature. Annealing 

behavior of individual Ag nanowires in vacuum and air was studied at different 

temperature. Temperature ≥ 300oC, Ag nanowires started melting. When Ag nanowires 

were subjected to air annealing, both carbon layer and nanowire were oxidized at 

temperature above 300oC. While vacuum treatment doesn’t oxidize the nanowire even at 

temperature = 700oC, instead carbonization of coating occurred. Raman analysis of 

vacuum treated nanowire shows the formation of tubular-like structure.  

The above experiments, employing Ag nanowires as a model-material, demonstrated the 

importance of membraneless chips as characterization and processing platforms for 

discrete nanoparticles. The correlation of analogous in- and ex-situ TEM measurements 

(e.g. electrical probing) is now possible at the single-particle level, along with cycling 

studies of structure-property-process. 

 



91 

 

Chapter 4 Current-induced Expansion in Expandable Graphite 

 

4.1 Introduction 

Graphite is commonly known as a layered structure that can be intercalated with external 

molecules between the planes of graphene, the resultant structure is named as graphite 

intercalation compound (GIC). GICs have been studied extensively for their unique 

properties, structures and applications.[137-141] Expandable graphite (EG), a type of GIC, 

is prepared by inserting the molecular species (sulphuric acid) between the layers of 

graphene.[142-145] Under the influence of external stimuli such as heat and other 

electromagnetic radiation, it expands along c-axis depending on experimental conditions. 

Expansion occurs mainly due to the rapid phase transformation of intercalant 

compound.[146] It forms the commonly known “worm-like” structure.[139, 147, 148] EG 

has been explored for the production of the high-quality few-layer graphene (FLG) by 

expansion and exfoliation.[149-151] Liu et al. has used the supercritical fluid exfoliation 

process in the organic solvents to produce the FLG.[149] The simple ultra-sonication 

method has also been utilized to produce FLG in large quantity.[151]  

In literature, it has been investigated that the structure of carbon materials can be altered 

significantly by electric current.[152] Even though carbon nanotube and graphene possess 

exceptional current carrying capacity, at very high current density the covalently bonded 

carbon lattice undergoes the structural transformation.[153-156] For an example, a large 

diameter SWCNT was created by modification of MWCNT subjected to current-induced 

structural transformation.[154] Moreover, simple current-induced Joule heating can also 
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be used to clean the contaminations from graphene surface.[157]  Karita et al. has shown 

that the contact resistance of carbon-based devices can be improved by current-induced 

curing of contacts.[158]  

In this work, we used electrical current to explore the expansion chracteristics of EG and 

factor affecting the degree of expansion. The thin flakes of EG were transferred to the 

patterned Si wafer by mechanical exfoliation. Apart from current-induced heating, the 

samples were also subjected to the thermal treatment in a preheated furnace.  The degree 

and uniformity of expansion of individual flake were evaluated using the atomic force 

microscopes (AFM) and transmission electron microscope (TEM). 

4.2 Experimental Methods 

EG sample was procured from the Asbury Graphite Mills. The thin flakes were transferred 

to the substrate by mechanical exfoliation. For electrical characterization, the patterned 

chips were fabricated. Both ex-situ and in-situ chips were manufactured using conventional 

microfabrication steps. In in-situ chips, the tranches were excavated by plasma micro-

etching techniques. The trenches were used as a transparent window for TEM analysis. To 

deposit metal electrodes on devices, the sputtering of 100 nm layer of Pt/Ti metal was 

carried out. The transferred of EG flakes was done such that they were connected to metal 

electrodes on both sides of the trench. Subsequently, the current was passed though EG 

flake for further investigation.  

In-situ TEM electrical probing was carried out in Protochips Aduro TEM-holder. The in-

situ chips were placed in predefined space on the holder and fixed using the landing probes. 

While ex-situ electrical devices were probed on the Janis ST500 micro-positioner 
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connected with Ketheily source-meter unit. TEM imaging and analysis were executed 

inside Titan CT TEM (Thermo Fisher Scientific) operating at 80 or 120 kV. Apart from 

current-induced expansion inside and outside TEM, the thermal expansion of EG flake was 

investigated in a preheated muffle furnace at 450oC. For morphological investigation of 

expanded flakes, XE-100 AFM (Park System) was used to acquire the topography images 

and line profiles in non-contact mode. Scanning electron microscopy (SEM) micrographs 

were recorded using Quanta SEM (Thermo Fisher Scientific) microscope. For thermal 

gravimetric analysis, Netzsch STA instrument was employed to determine weight loss 

during heating cycle at heating rate of 10oC/min (under N2 atmosphere). X-ray- diffraction 

spectra from the as-received EG and graphite flakes were acquired on Advanced D8 XRD 

(Bruker) between 10o and 90o 2θ angle. 

4.3 Results 

4.3.1 Characterization 

As seen in SEM images of as-received EG (Figure 4.1a-4.1b), the width (or length) and 

thickness of EG flakes were around 500 -700 μm and < 100 μm, respectively. The sample 

for SEM analysis was arranged by dropping dry EG on Si wafer. The flakes were irregular 

in shapes and consisted of layered structure. A single flake of EG has thousands of 

graphene layers stacked upon each other.[148] The typical XRD patterns of graphite and 

expandable graphite are shown in Figure 4.1c, XRD analysis confirmed the layered 

structure of EG and graphite. The peaks in XRD spectra correspond to (002) and (004) 

planes observed in graphitic materials. In comparison to XRD spectrum of graphite, both 
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peaks for EG were shifted to lower 2θ angle due to the presence of intercalant compounds 

between the graphene layers. 

 

Figure 4.1 SEM micrographs of the as-received EG flakes at a) low- and b) high-

magnification, c) XRD pattern of graphite and EG, d) AFM images of the exfoliated EG, 

e) corresponding line profile from the one of the flake. 

The calculated inter-lamellar spacings (002) were 3.35 Å and 3.42 Å for graphite and EG, 

respectively. Moreover, the peaks in XRD spectrum EG were broader than those attributed 

to the strain introduced by the presence of intercalant compounds in the graphene planes. 

Moreover, energy dispersive x-ray spectroscopy (EDX) spectra were collected from both 

samples. The chemical compositions of intercalant compounds were established by this 

analysis. Commonly, the elements such as Na, S, O and Ca were detected as shown in 

Figures 4.2a-4.2c. Upon introducing EG in a preheated furnace at 450oC, the instantaneous 
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volume expansion of flake occurred. EG expanded with “worm-like” morphology as seen 

in Figures 4.2d-4.2e. The thickness of the expanded structure was more than 2100 µm. 

Subsequently, mass-loss analysis of as-received EG sample was also performed. As seen 

in TGA curve Figure 4.2f, no significant mass-loss was observed below 230oC. Only after 

230 oC, a mass-loss of around 10% occurred and continued with further increase TGA 

temperature. 

In order to avoid any effect of liquid on EG, the samples were transferred to the pre-

patterned wafer by mechanical cleaving.[70] Using adhesive-scotch tape, the graphene 

layers were peeled off and placed on Si wafer. AFM topography image of mechanically 

exfoliated thin expandable graphite (TEG) flakes is shown in Figure 4.1d. The AFM line 

profile from TEG was extracted and confirmed the thickness of flakes was < 15 nm (Figure 

4.1e).  
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Figure 4.2 a) SEM images of as-received EG; b-c) respective EDX spectra from location-

I and location-II, respectively; d) low- and e) high-magnification SEM micrographs of EG 

after expansion at 450oC inside muffle furnace, f) TGA curve of as-received EG. 

4.3.2 Current Induced Expansion 

The expansion of TEG was stimulated using electric current. With the aid of optical 

microscopy, TEG flake bridging between Pt electrodes was identified as shown in Figures 

4.3a. AFM topography micrograph of the same flake (TEG-1) is represented in Figure 4.3a, 

the brighter regions correspond to thicker parts and vice versa. Initial thickness and size of 

TEG-1 flake were around 70 ± 3 nm and 15 um, respectively (Figures 4.3b and 4.3c). The 

surface of freshly exfoliated TEG-1 was not flat as shown in Figure 4.3b. The bright-spots 

and -regions resembled the intercalant compounds or impurities on the surface of TEG. 

Moreover, the brighter lines passing across the flake might be from the internal and external 

steps present in graphene. Similar internal and external graphene steps were identified by 

Lee et al. in mechanical exfoliated highly-oriented pyrolytic graphite (HOPG) flakes.[159] 

In order to understand expansion characteristic, a constant current of 50 mA was passed 

through the TEG-1 for few seconds. The expansion occurred instantaneously, as noticed in 

Figure 4.3.  

After the expansion, AFM topography image was acquired from the same flake (Figure 

4.3e). Joule heating caused the expansion of TEG-1, the brightest regions correspond to 

the most expanded areas. It was surprising to note that the flake did not expand uniformly 

throughout the length and width. The maximum expansion of 800 nm was observed in the 

center region of flake, while region close to edges showed little or no expansion (Figures 
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4.3e and 4.3f). It was clear that the highest expansion was observed around the brighter 

lines and regions seen in Figure 4.3b. Another example of current-induced expansion in 

TEG-2 is shown in Figures 4.4. Similar to previous case, the expansion of TEG-2 was also 

non-uniform after current-induced Joule heating. When non-intercalated graphite flake was 

subjected to similar current cycle, no expansion was observed conforming the current 

induced expansion characteristics of EG.   

 

Figure 4.3 a) Optical microscopy images of TEG flakes before Joule heating experiment. 

The flake labeled as TEG-1 was connected to electrodes on both sides. Scale bar is 20 μm. 

b) Topography AFM image of TEG-1 flake; c) respective AFM line profile; d) optical 

image after Joule heating, e) respective topography AFM image of TEG-1 after Joule 
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heating respectively; f) respective AFM line profile; g) Raman spectra from the TEG-1 

flake before and after exfoliation at location L1, L2, L3 and L4.  

Initial resistance of TEG-1 was 1100 Ω that subsequently jumped to few MΩ after current 

cycle. It happened due to certain degree of damage to graphene layers due to excessive 

heating of carbon lattice and burning of carbon layers. Figure 4.3g shows the Raman 

spectra of TEG-1 before and after current-induced expansion at different locations. 

Characteristics peaks of carbon materials namely G-band, D-band and 2D-band are 

assigned to TEG-1 flake.[160] As reported in literature, these peaks help to validate the 

structure, quality and number of layers in carbon materials. TEG-1 flake contains very 

sharp G-peak, no D-peak due to high crystallinity and absence of defects at location 

L1.[113] After expansion when TEG-1 flake was analyzed, the intensity of D-peak 

increased at location L3 and L4 due to the oxidation of graphene layers.[161] Moreover, 

intensity of 2D peak dropped at same locations due to increase in distortion or strain of 

graphene lattice.[113, 160] 
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Figure 4.4 a) AFM image and b) line profile of TEG-2 before expansion; c) AFM image 

and d) line profile of TEG-2 after expansion. 

The first example of TEG flake transferred onto in-situ chips is shown in Figure 4.5. The 

flake was suspended in a trench between two Pt electrodes (Figure 4.5a). The current was 

passed through electrodes by connecting probes of in-situ TEM holder. Before current-

induced expansion, TEM analysis and spectroscopy of as-transferred TEG-3 flake was 

executed. Once analyzing the TEM image, the brighter regions were assigned to intercalant 

compounds. Intercalants were distributed non-uniformly within the flake. The presence of 

ions caused charging of flake therefore some regions appear brighter as observed in Figure 

4.5a. Similarly the STEM image also showed such differential contrast. From same flake, 

AFM topograph was also acquired as displayed in Figure 4.5c.  
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Figure 4.5 a) TEM, b) STEM, c) AFM images of freshly transferred TEG-3 flake; d) TEM, 

e) STEM, f) AFM images after current-induced expansion; g) Raman spectra of TEG-3 

before and after expansion, h-i) AFM line profiles from AFM image c) and f), respectively. 

 

Figure 4.6 a-d) Current-induced failure of TEG-4 observed using in-situ device. TEM 

micrographs of TEG-4 a) low- and b) high-magnifications before expansion, TEM 

micrographs of TEG-4 c) low- and d) high-magnifications after failure; e-j) Current-

induced failure of TEG-5 observed using ex-situ device, e) Optical microscopy image of 

TEG-5 flake before experiment, f) Topography AFM image of TEG-5 flake; g) respective 

AFM line profile; h) optical image after Joule heating, i) respective topography AFM 

image of TEG-5; j) respective AFM line profile. 

The initial thickness of TEG-3 flake was around 280 nm. With passage of current (50 mA) 

through the flake, the movement of intercalant was recorded in TEM. As current density 

passing through flake was very high, the intercalant movement was much more rapid and 
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random. As seen in TEM and STEM images (Figures 4.5d and 4.5e) after current-induced 

expansion, the contrast dominated by presence of intercalant ions and molecules has been 

reduced. It was clear that some of intercalant escaped the flake through open edges. By 

analyzing AFM images before and after expansion (Figures 4.5h and 4.5i), the thickness 

of expanded flake rose ten-fold. Moreover, the initial resistance was also 520 Ω and after 

expansion it jumped to tens of kΩ. The high resistance can be related to the expansion of 

distance between graphene layers or burning of carbon lattice.[152, 162] Raman spectra 

were also recorded from same flake before and after experiment as shown in Figures 4.5g. 

Similar to previous case, increase in intensity of D-peak was observed. The current induced 

Joule heating led to partial burning of carbon atoms from graphene layers during 

expansion.  

We found that critical thickness of TEG flake to observe the expansion was 70 nm. TEM 

micrographs of TEG-4 can be seen in Figures 4.6a-4.6b. Here, the thickness of flake was 

around 30 nm. With application of current cycle, no expansion was detected. Instead, TEG 

flake breakdown due to excessive heating as shown in Figures 4.6c-4.6d. Moreover, similar 

observation was also recorded for ex-situ device (Figures 4.6e-4.6j). It has been found in 

literature that the breakdown densities of carbon nanotubes and graphene are higher than 

1E8 A/cm2.[152] In this case, we observed the failure of TEG-4 and TEG-5 around 5E7 

A/cm2 and 3E7 A/cm2, respectively.  

4.3.3 Thermally Induced Expansion 

For comparison, we also explored expansion of TEG subjected to external heat-treatment 

outside of TEM. Figure 4.7 illustrates AFM images of TEG-6 subjected to treat-treatment 
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at 450oC in muffle furnace. TEG flakes were transferred to silicon wafer, subsequently 

wafer was placed in preheated furnace for 1 min to initiate the expansion. AFM line profiles 

were collected from multiple flakes before and after expansion. The largest flake (initial 

thickness 75 nm and size 20-35 μm) expanded more than 15 times (location-I and -II in 

Figures 4.7a-4.7c and 4.7f-4.7h). The maximum expansion was observed in center of flake 

as seen in Figures 4.7g. While for smaller (5-7 µm) and thinner (<70 nm) flakes, no 

expansion was observed (location-III and -IV in Figures 4.7d-4.7e and Figures 4.7i-4.7j). 

From Figure 4.7, it was clear that the degree of expansion was strongly depended on the 

initial thickness and the size of flake. 
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Figure 4.7 a) AFM images of TEG-6 flake before thermal shock treatment; b-e) respective 

line profiles from locations I-IV in a); f) AFM Image of TEG-6 after thermal shock 

treatment at 450oC for 1 min; g-h) respective line profiles from locations I-IV in f). 

 

Figure 4.8 a) TEM, b) SEM and c) AFM micrographs of TEG-7 flake before thermal 

expansion, d), TEM, e) SEM and f) AFM micrographs of TEG-7 flake after thermal 

expansion, g) Raman spectra of TEG-7 before and after expansion, AFM line profiles h) 

before and i) after expansion. 

TEM and SEM micrographs of TEG-7 flake are shown in Figures 4.8a and 4.8b. The flake 

was suspended in the trench. As noticed in AFM image (Figure 4.8c) and line profile 
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(Figure 4.8h), the flake was not flat. The bump can be observed in suspended region. This 

can come due the sample transfer process. While the part of flake that was non-suspended 

was more or less flat. Subsequently, the same chips was subjected to heat-treatment in 

muffle furnace at 450oC. Upon reinvestigation using TEM, SEM, RAMAN and AFM, the 

changes in heat-treated flake were recorded. As-seen in TEM and SEM micrographs after 

treatment, only little changes can be noticed. EDX spectra confirmed the complete removal 

of intercalant compounds, as the peaks from intercalant compounds disappear. Figures 4.8f 

and 4.8i clearly shows the expansion in TEG-7 was non-uniform as observed in previous 

cases. Both suspended and non-suspended areas expanded. As the flake was subjected to 

heat-treatment in air, a little D-peak was recorded for TEG-7 after expansion.  

4.4 Discussion 

There has been a very large amount of work done on the expansion characteristics of EG 

using thermal energy.[146, 148, 163, 164] However, the information about electrical 

characteristics of EG is limited. It has been reported in literature that the electricity can be 

utilized to engineer carbon materials.[152, 157, 165, 166] In this work, the expansion 

properties of EG were explored both in ex-situ and in-situ modes using electrical and 

thermal stimuli. The ex-situ and in-situ studies were facilitated by AFM, Raman, SEM and 

TEM characterization. It provided a valuable insights into the degree and uniformity of 

expansion within a single flake. Moreover, the movement of intercalant compounds under 

electrical influence were also recorded. It was found that the degree of expansion strongly 

depends on the initial thickness of a flake and heat density. For both thermal and electrical 

treatments, no expansion was observed in the flakes with thickness less than 75 nm. 
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The EG flakes were transferred to substrate in dry condition to avoid removal of intercalant 

using solvents.[147] The EG flakes transferred by scotch-tape method produces the TEG 

on wafer for further analysis. When TEG flakes were placed in muffle furnace, the heat-

energy transfer occurred from the bottom of TEG and it agitated the intercalated 

compounds between the graphene planes. Upon exposure to heat energy, the expansion 

compounds were converted to gases and that exerts the mechanical pressure on graphene 

layers. The sudden conversion of solids to gases exert forces perpendicular to the graphene 

planes. The forces generated by this conversion was enough to separate the graphene 

planes.[146, 167, 168] The build-up pressure created the hill-type structure on the surface 

of graphene after expansion as observed in AFM images.  

We found that the internal expansion in graphite intercalation compounds can also be 

controlled by using electrical stimuli. The electrical current can rise the temperature of 

expansion compounds by Joule heating.[19, 76, 77, 157] Several studies have shown that 

Joule heating and electromigration occurres in both metallic and no metallic materials at 

high current density.[121] The degree of expansion was varied by varying current density 

passing through the TEG. It is well known that graphene layers are highly conductive in-

plane direction; however along c-axis the resistance to pass electrons is very high.[169] 

Moreover, the most of expansion compounds are not continuous. The intercalants are 

present within the graphene planes and at the grain boundaries. As the resistance of 

intercalant was very high compared to the graphene planes, during the current flow the 

resistive heating of intercalant compound occurred and intercalants were converted to the 

gases.[170] Camino et al. reported that the redox reaction between sulfuric acid and 
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graphite was responsible for expansion of EG.[148] The redox reaction and mechanism of 

current-induced expansion are shown in Figure 4.9. The previous study on graphite 

bromine intercalated compound has shown that electrical stimuli can produce tensile stress 

of 3 MPa along c-axis. In 1986, Chung et al named it as electromechanical behavior in 

GIC.[170] In that work, the expansion was constrained by mechanical tip to measure the 

stress. Moreover, they also measured the temperature rise due to heating, using a 

thermocouple placed closed to the flake.[170] However, the information regarding degree 

and uniformity of expansion are missing. We employed both ex-situ and in-situ microscopy 

techniques to explore the expansion mechanism of EG. As seen in Figure 4.9, the current-

induced Joule heating caused the localized heating of intercalant, vaporization of 

intercalant and subsequent expansion of EG. 

 

Figure 4.9 Illustration of the proposed expansion mechanism by resistive Joule heating. 

4.5 Conclusions 

TEG flakes were successfully transferred to ex-situ and in-situ chips using scotch-tape 

based mechanical exfoliation of EG. The expansion characteristics of TEG flakes were 

explored using AFM, Raman, SEM and TEM. The TEG flakes were subjected to both ex-

situ and in-situ heat-treatments. For first time, the electrical stimulus was used to study 
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expansion behavior of EG. When subjected to external treatment in muffle furnace or 

current-induced Joule heating, the TEG flakes expanded non-uniformly. Moreover, the 

higher expansion was observed in center of flake and vise versa. One of the reason of this 

behavior is that more pressure build up in center of flake compare to edges during phase 

conversion of intercalant compounds to gases. We also noticed that the critical thickness 

required to observe the expansion in TEG was around 70 nm. Our finding shows that 

expansion can be controlled precisely by changing the current density and direction of 

current. Moreover the expansion occurs directionally and at preferred location in EG 

flakes. The following interesting finding can be applied to other GIC such as electrode 

materials in batteries for exploring the volume changes and failure mechanism. 
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Chapter 5 Current-induced Heating and Reduction of Graphene 

Oxide 

 

5.1 Introduction 

In recent decades, transmission electron microscope (TEM) columns are converted to 

nano-laboratory for studying dynamics system by utilizing specially designed 

environmental TEM and in-situ holders.[7, 33, 171-173] In-situ experiments not only 

provide direct visualization at atomic resolution but also helps to develop clear 

understanding between structure, morphology and chemical nature of modern materials. 

Owing to lower cost and ease of use, in-situ holders are frequently used for investigating 

phase transformation, melting/sublimation, alloy formation and materials degradation 

reactions under various stimulus conditions.[13, 18, 76, 117, 174-176]  Older generation 

and complex holders are being replaced by modern chip holders due to their ease of 

use.[44]  

Graphene, being an electron transparent and atomically thin material, is seen as the ideal 

candidate for TEM support film instead of silicon nitride. The sp2 bonding in graphene is 

very strong thus, it provides excellent mechanical, thermal, chemical and electrical 

properties to graphene. Atomically resolved images have been acquired from 

nanomaterials supported by graphene under both static and dynamic conditions.[155, 177-

179] However, there are several challenges associated with integrating graphene into TEM 

chips. Synthesis of graphene requires costly setups such as high temperature CVD furnaces 

and sophisticated gas supply and control systems. Furthermore, growth conditions 
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optimization is a time and resource consuming process. Successful growth of graphene 

does not guarantee its integration into devices. The final step to place graphene onto a 

heater chip is a delicate process since transfer steps are complicated and involve various 

steps. These factors prohibited its use in commercial heating chips.[177, 180] 

Graphene oxide (GO), is derivative of graphene, can be synthesized in different 

morphologies, sizes and chemistries by chemical oxidation and exfoliation of graphite 

flakes.[161, 181, 182] In recent years, the applications of GO exploded ten-folds with 

availability of scalable and easy synthesis methods, controllable morphologies and 

chemistry of GO flakes. Moreover, the favourable chemicals groups on GO makes it more 

hydrophilic thus allows GO dispersion to be more stable in water for long time.[161] Here, 

we developed a low cost and easy to ensemble GO based in-situ heater. It was used as a 

support platform for suspending nanoparticles and studying dynamic heating experiments 

inside TEM.  

Using current-induced Joule heating, the suspended GO flake was reduced to reduced-GO 

(RGO). The reduction of the flake was accessed by Raman spectroscopy and EELS. 

Further, we investigated thermal stability of gold (Au) and silica nanoparticles supported 

on RGO flake, by reheating the RGO support.  

5.2 Experimental Methods 

GO flakes were synthesized by a modified Hummers method by our collaborator.[183] The 

GO dispersion was diluted to 1µg/ml concentration in water. Diluted GO dispersion was 

drop casted onto pre-fabricated in-situ TEM electrical chips.[68]  Using optical 

microscopes, individual GO flakes suspended between electrodes were identified. 
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Furthermore, the chips were transferred to Aduro Protochips holder and subsequently to 

the TEM. The whole setup was grounded properly to avoid failure of the GO flakes (due 

to parasitic static charges present in the system). To reduce beam damage, in-situ 

experiments were performed on a Thermo Fisher Scientific Tecnai Twin TEM operating 

at low voltage (80-120 kV). A Gatan Orius charge coupled detector (CCD) camera was 

used to record images and videos. Videos were acquired using the screen recorder Snagit. 

Subsequently, same chips were transferred to a Thermo Fisher Scientific image-corrected 

Titan TEM operating at 80-120 kV for collecting high resolution micrographs, energy-

dispersive X-ray spectroscopy (EDX) and electron energy loss spectrum (EELS). Raman 

spectra were collected from GO flakes using a WITEC Alpha300RA. The spectrum were 

acquired at low dose (0.5 mW) with a laser source of 532 nm wavelength, at 100x 

magnification. Scanning electron microscopy (SEM) image was collected with Thermo 

Fisher Scientific Nova Nano SEM, at 5 kV. A Park System XE-100 AFM was used to 

collect topography and height details of GO flakes. The samples for AFM, SEM and 

Raman experiments were prepared by drop-casting GO dispersion onto a pre-clean SiO2/Si 

wafer.  

Au nanoparticle (diameter: 15 nm) dispersion was procured from Aurion, Netherlands. 

Following Au particles were washed two times by centrifugation at 13000 rpm (10 min) 

and subsequently after each cycle the sediments were re-dispersed in water.  Silica 

nanoparticles (KCC-1) were prepared by modified microwave-assisted hydrothermal 

synthesis by our collaborator.[184] The silica nanoparticles (dispersed in ethanol) were 

drop-casted onto a TEM grid and GO membrane for TEM investigation.  
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5.3 Results 

5.3.1 Reduction of GO 

 

Figure 5.1 a) and b) SEM images of GO flakes at low and high magnification, respectively, 

c-d) AFM topography images of GO flakes with corresponding line profiles.  

After drop-casting the GO flakes on a blank wafer, we allowed it to dry in the fume-hood, 

at room temperature. SEM images of GO flakes synthesized by modified Hummer’s 

method, are shown in Figures 5.1a-5.1b. Most of GO flakes were flat. The AFM scan 

confirmed the planar morphology. With thickness of the flakes ranging from 1-4 nm, as 

shown in the line profiles in Figures 5.1c-5.1d. 

As-prepared stock-dispersion (200 µg/ml) was further diluted to ultra-low concentration of 

0.5 µg/ml in water (see Figure 5.2a). To prepare the suspended GO based heater, one 

microliter diluted dispersion of GO was drop-casted onto chips with 3 µm window (inset 
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image in Figure 5.2b). As minute amounts of dispersion were required for GO device, we 

prepared hundreds of these with just a few ml of diluted dispersion. Devices were inspected 

under optical microscope to identify isolated suspended GO flakes. The schematic setup of 

GO based heater is shown in Figure 5.2b. Between the trenches, unwanted GO flakes were 

easily removed by the laser source in the Raman instrument.  Next, the devices were 

transferred to the TEM column on a Protochips Aduro holder. TEM and SEM images of 

the GO-1 devices are shown in Figures 5.2c and 5.2d. 

 

Figure 5.2 a) Photograph of vials with concentrated and diluted GO dispersion in water, b) 

Schematic setup of GO based in-situ TEM heater (heating is achieved by passing d.c. 

current through suspended flake), c) TEM and d) SEM images of GO-1 flake suspended 

between two electrodes, e) IV curve of GO-1 device before and after reduction, f) 

Resistance vs current curve during current induced reduction of GO device. 
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Electrical characterization of the GO flakes was executed in two-probe configuration. The 

electrical resistance of as-prepared GO devices was the order of few MΩ owing to the 

highly disordered structure and presence of various functional groups. In our initial setup, 

many GO devices failed due to the presence of residual electrical charges in the TEM 

holder (for reference see TEM images of failed GO in Figure 5.3). This issue was sorted 

out by properly grounding the holder and electrical supply unit to the TEM ground, before 

connecting the device to the holder. The resistance of GO-1 device was around 23 MΩ. 

More than 10 devices were characterized and most of these had resistance between 2-70 

MΩ. GO flake was gradually heated by increasing direct current passing through it. Here, 

the ramping rate of 1-10 µA/s was used during the entire cycle. Within the first few seconds 

(as seen in inset image of Figure 5.2f) the resistance dropped more than 98% due to the 

Joule heating of GO and the metal-GO contacts. Upon current induced reduction of GO, 

the electrical conductivity of GO improved. I-V curve indicates the linear response of the 

GO flake before and after the reduction process (Figure 5.2e). Resistance at 50 µA current 

was around 112 kΩ and further dropped linearly with increasing current (see Figure 5.2f). 

Current induced heating led to removal of functional groups, as reported in the 

literature.[185] When current was ramped gradually to 350 µA and 650 µA, the resistance 

plummeted to 9.2 kΩ and 4 kΩ, respectively. 
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Figure 5.3 a-b) low and high magnifications TEM images of failed GO devices due to 

residual electrical charges in device. 

 

Figure 5.4 a) Raman spectra of as-prepared and reduced GO devices (RGO-1, RGO-2 and 

RGO-3), b) ID/IG ratio for GO flakes in this work and those reported in literature (ref-
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I[186], ref-II[187], ref-III[188], ref-IV[189], ref-V[185]), c) EELS spectra of as-prepared 

and reduced GO flakes (RGO-1, RGO-2 and RGO-3). 

Table 5.1 Table of peak positions and ratios of different samples.  

Sample ID IG ID/IG I2D I2D/IG D peak G peak 2D peak 

GO 1.00 0.98 1.02 0.11 0.11 1350 1597 2685 

GO-1 0.99 1.00 0.99 0.21 0.21 1356 1590 2696 

GO-2 0.35 1.00 0.35 0.26 0.26 1348 1580 2696 

GO-3 0.34 1.00 0.34 0.44 0.44 1348 1585 2696 

 

Raman spectrum was collected from the suspended GO flake and three reduced-GO (RGO) 

flakes (Figure 5.4a) representing characteristic G-, D- and 2D-peaks of carbon materials. 

Existence of very low 2D- and intense D-peaks confirmed the highly disordered structure 

and presence of various functional groups on distorted graphene crystal.[113, 128, 160, 

186] In the as-prepared condition, the G-peak was very broad and positioned at 1597 cm-

1. The degree of oxidation/reduction of GO flakes can be accessed by calculating ID/IG 

ratio. The ID/IG ratio for GO and RGO are plotted in Figure 5.4b. For comparison, data 

from literature is also summarized. The intensity ratio ID/IG of GO is a bit higher than 1, 

validating the presence of defects. RGO-1 device was reduced at maximum current of 670 

µA. Even though ID/IG of RGO-1 did not change significantly, the peak shift and upturn in 

intensity of 2D peaks were noticed (see Table 5.1). For samples RGO-2 and RGO-3, the 

higher amount of current (>1 mA) was used for reduction. The higher the current and 

greater the Joule heating temperature, extended will be reduction of GO flake.[185] ID/IG 

dropped significantly for RGO-2 and RGO-3 (see Table 5.1), these happened due to 

complete removal of functional groups and increase in crystallinity of graphene crystals. 
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As seen in Figure 5.4b, typically a temperature of more than 1700 oC is required to reduce 

ID/IG ratio to 0.34. Song et al. reduced GO flakes in graphite furnace at temperature 1700 

oC with ID/IG ratio 0.44.[189] 

Electron energy loss peaks around 284 eV and 290 eV are associated with transition of 

electrons to empty π* states and empty σ* states, respectively, both associated with carbon 

K-edge.[40, 190] The chemistry and bonding of reduced GO can also be accessed by the 

EELS, as reported by Xu et al.[40] Moreover, the peak at 540 eV is the oxygen K-edge 

peak, associated with oxygen-rich functional groups present in GO. As seen in Figure 5.4c, 

the shape and intensity of the carbon-K edge and oxygen K-edge peaks changed after 

current induced reduction of GO. π* peak roughly represent the content sp2-bonded carbon 

atoms. Absence of π* peak and appearance of oxygen peak in EELS spectrum validate 

highly amorphous and oxygen-rich nature of as-prepared GO flake. As seen in Figure 5.4c, 

the intensity of π* surged for reduced GO samples (RGO-1, RGO-2 and RGO-3). Higher 

π* intensity means more sp2-bonded carbon and better crystallinity. This also corroborates 

with the intense G peak in Raman spectra of reduced GO flakes (Figure 5.4a). The intensity 

of O-K peak also reduced for RGO-1 compared to GO, confirming partial reduction of GO. 

While disappearance of O-K peak in RGO-2 and RGO-3 endorses the complete reduction 

of GO flake. For RGO-2 and RGO-3, the calculated current is density higher than 1.2 x 107 

A/cm2.  At this current density, the temperature of RGO flake was higher than 2000 oC due 

to Joule heating.[40, 154, 191] 
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5.3.2 Gold Nanoparticle Thermal Stability: 

Suspended GO flakes were reduced by current induced reduction, as explained in the 

previous section. These reduced-GO (RGO) were employed as substrate to investigate the 

thermal stability of Au and silica nanoparticles.  

 

Figure 5.5 Time-series TEM images of 15 nm Au nanoparticles deposited on RGO. TEM 

images of evaporation process are labeled from panel I-VI. Red-dotted lines show the 

distribution of temperature in RGO flake. 
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Figure 5.5 (panel I) shows the RGO flake decorated with Au nanoparticles. This device 

was prepared by drop-casting Au nanoparticles dispersion on the RGO chip. Joule heating 

of the RGO support was carried out by passing current through the flake. During Joule 

heating temperature of RGO membranes rose above 1000 oC, starting from the centre of 

the flake. As seen panels I and II (Figure 5.5), evaporation of particles was observed at top 

of TEM image (panel II). The melting point of bulk Au is 1064 oC. For nanoparticles, the 

melting point is known to decrease with reducing size.[192] The temperature distribution 

was non-uniform and maximum temperature was observed at centre of the flake. Moreover, 

the temperature profile was radial in nature and temperature boundaries are represented by 

red-dotted lines in Figure 5.5.[177] Some amorphous residues remained on the RGO flake 

after the Au nanoparticles evaporation in panel III and IV (see Figure 5.5). Residues might 

be coming from Au nanoparticles solution or GO dispersion. However, when current was 

increased to 1520 μA (current density: 0.8 x 107 A/cm2), both Au nanoparticles and 

amorphous residues evaporated as temperature was higher than 1000 oC (panel VI Figure 

5.5).  

Moreover, we also carried out direct heating of Au nanoparticles on same GO support 

before and after reduction, as shown in Figure 5.6. For the GO-Au nanoparticles system, 

Figures 5.6a and 5.6b display TEM images before and after evaporation of Au 

nanoparticles. Here, the reduction and heating occurred simultaneously. Resistance vs 

current curve of GO- Au nanoparticles system is shown in Figure 5.6c. Resistance 

plummeted from 8.1 MΩ to 2.4 kΩ due to in-situ heating and reduction of GO. The same 

device was reused. After first cycle reduction, the Au nanoparticles were redeposited on 
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RGO. For TEM images of RGO- Au nanoparticles system, see Figure 5.6d. During the 

second cycle, only heating occurs and Au nanoparticles evaporated (Figure 5.6e). No 

substantial drop in resistance was observed for RGO heater. We can claim that both GO 

and RGO heater responded similarly except differences in resistance and current 

relationship. 

 

Figure 5.6 a-b) TEM images of in-situ reduction and heating of GO- Au nanoparticles, c) 

resistance vs current profile of GO heater, d-e) TEM images of in-situ  heating of RGO- 

Au nanoparticles, f) resistance vs current profile of RGO heater. 
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Similar ex-situ experiments were also performed inside vacuum tube furnace to access 

evaporation temperature of Au nanoparticles. Au nanoparticles supported on RGO devices 

were annealed at 900 oC, 950 oC, 1000 oC and 1050 oC in vacuum tube furnace (5 mTorr). 

As seen in Figures 5.7a and 5.7b, no significant changes were observed in Au nanoparticles 

after treatment at 900 oC. When the device annealed at 950 oC was analyzed, the 

agglomeration of Au nanoparticles was noticeable, as marked by red circles in Figures 5.7c 

and 5.7d. Possible diffusion of Au atoms on RGO support might be reason for 

agglomeration of nanoparticles. In case of 1000 oC (see Figures 5.7e and 5.7f), with the 

exception of a few large particles, all disappear by sublimation from solid to gas. Thermal 

annealing at 1050 oC resulted in complete evaporation of Au nanoparticles, as seen in 

Figures 5.7g-5.7h.  
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Figure 5.7 Ex-situ thermal stability analysis of Au nanoparticles. TEM images of Au 

nanoparticles a, d, e, g) before and b, d, f, h) after thermal annealing at 900 oC, 950 oC, 

1000 oC and 1050 oC, respectively. 
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Figure 5.8 HRTEM in-situ analysis of Au nanoparticles. Panel: I-IX: Time series TEM 

images of melting and evaporation of Au nanoparticles. 

As seen in Figure 5.8 (panel I), Au nanoparticles with cubic crystal arrangement can be 

seen. In the as-received condition, no surface passivation layer was present. When the RGO 

device was heated using Joule heating, both Au nanoparticles and RGO undergo structural 

rearrangement at temperature close to melting point of Au. Changes in orientation were 

also clear by comparing panel I and II of Figure 5.8. FFT images of panel I and II are shown 

in Figures 5.9a and 5.9b, respectively. Moreover, a thin carbon nanoshell was also formed 
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around the Au nanoparticles. Similarly, the development of a carbon nanoshell has been 

observed for metal nanoparticles such as Cu, Ag, Au nanoparticles in previous 

studies.[193-195] Because of formation of a carbon nanoshell around the Au nanoparticles, 

no Oswald ripening occurred.[177] Carbon nanoshells are formed by electron beam 

induced disintegration of hydrocarbons molecules and subsequent deposition and 

graphitization around the metal nanoparticles at elevated temperature.[155, 177, 196]  

 

Figure 5.9 Fast furrier transformation images of panels I, II, III, V and IX from Figure 5.8. 

a) FFT of Au nanoparticles on GO, b) FFT of Au nanoparticles and RGO close to melting 

point of Au, c) FFT of Au nanoparticles at melting point, d) and e) FFT from same region 

before and after complete evaporation. 

From panel I to III in Figure 5.8, the Au nanoparticle underwent phase transformation from 

solid (crystalline) phase to liquid (disordered) phase. No lattice fringes were noticed and 
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the shape of particles also varied at this point. The carbon nanoshell stabilized the liquid 

phase. In previous report, significant superheating has been observed in nanoparticles 

covered with graphitic shells.[174]  Due to probable superheating of Au nanoparticles, the 

melting point might be higher. By means of slight rise in temperature, a significant 

reduction in size of particles was noted (panel IV, Figure 5.8). Evaporation of surface Au 

atoms from defects and broken area in a carbon nanoshell resulted in decrease of particle 

size. After evaporation, half empty carbon nanoshells can also been seen. The temperature 

of RGO was not increased further, HRTEM images were acquired. As seen from Figure 

5.8 (panels IV to IX), the size of particle dropped slowly from 15 nm to few nm before 

completely disappearing. Moreover, the evaporation of Au atoms was not uniform. It was 

slower for Au atoms adjacent to carbon shell compared to atoms on free edges. Figure 5.8 

(panel IX) shows the empty carbon nanoshell after complete evaporation of Au 

nanoparticle. Similar behavior was witnessed in almost all Au nanoparticles, as seen Figure 

5.10. After panel IV in Figure 5.10, the experiment was stopped and remaining particles 

present at bottom left corner were analyzed. As seen in Figures 5.10b-c, empty and partially 

filled carbon nanoshells after thermal heating experiment were clearly observed. 
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Figure 5.10 a) Time-series TEM images of Au nanoparticles at medium magnification, b-

c) high magnification TEM images of partially evaporated Au nanoparticle and empty 

nanoshells. 

5.3.3 Silica Nanoparticles Thermal Stability 

TEM images of as-prepared silica nanoparticles on RGO flake are shown in Figures 5.11a-

c. The silica nanoparticles have narrow size distribution and diameter ranges between 35-

50 nm. Silica nanoparticles dispersed on RGO uniformly between two side electrodes (see 

Figure 5.11a). Some of particles are also attached together by Van der Waals forces. In 
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high-magnification TEM image (Figure 5.11c), porous morphology of silica nanoparticles 

can also be seen. 

 

Figure 5.11 a-c) TEM images of silica nanoparticles supported on RGO heating membrane 

at low, medium and high magnifications, respectively. 

Following silica nanoparticles with porus morphology (KCC-1) has been explored as a 

catalyst support for many applications. Because of availability of high sites accessibility 

and activity compare to mesoporous silica, KCC-1 has been used for various industrial 

catalyst reactions. KCC-1 possess high surface area, excellent thermal and mechanical 

stability.[184] For high temperature catalyst support, it is very important to assess the 

thermal stability of these nanoparticles at elevated temperature. 

The temperature of RGO heater rose slowly till melting of silica nanoparticle was noticed. 

As soon as the temperature of RGO was moved approximately above 1500 oC, the silica 

nanoparticles started joining and agglomerating, as shown in Figure 5.12a. From panels I 

and II, it was clear that initially chain-like arrangement was formed. Furthermore, chains 

changed shape continuously due to thermal instability. In order to minimize free energy 

and maximize surface to volume ratio, the chain-like structure disintegrated into two 
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spherical particles. Before the particle separation, necking of the chain was witnessed (see 

panel IV and V, Figure 5.12a). At this point, porous structure of silica was also disappear 

due to agglomeration and disintegration. Subsequently, the size of particles reduced until 

complete evaporation occurred (panels V-IX).  
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Figure 5.12 a) Time-series TEM images (panel I-IX) of thermal annealing of silica 

nanoparticles loaded onto RGO heater, b-c) high magnification TEM images of nano-

porous graphene after thermal annealing.  

All particles present close to red-circles behaved similarly. First, there is the formation of 

a chain, then disintegration into spherical particles, finally evaporation of silica and etching 

of the graphene lattice. As the maximum temperature developed at the centre of RGO 

flakes, the particles far from the electrode disappeared first. An isolated silica nanoparticle 

was marked by red solid arrow, as seen in Figure 5.12a. Similar to the Au nanoparticles, 

the isolated silica nanoparticles neither moved nor joined with any other nanoparticles. As 

seen from panel I-VII (Figure 5.12), the size of nanoparticle dropped from 50 nm to less 

than 10 nm. Finally this particle evaporated completely as shown in Figure 5.12a (panel 

VIII). The smallest pore etched was of 18 nm and was observed for isolated particles (see 

pore marked by red arrow in Figure 5.12b). Contrary to Au nanoparticles, no carbon shell 

was detected. Instead the silica nanoparticles etched the graphene support, this is 

attributable to a carbothermal reaction between silica and graphene.[197] Pore with 

different sizes were observed as seen in Figures 5.12b and 5.12c. 

Thermal stability of silica nanoparticles was also inspected by heating inside vacuum (5 

mTorr) tube furnace at 1100 oC. The TEM micrographs were collected from the same chip 

before and after ex-situ heat treatment, as shown in Figures 5.13a and 5.13b. No 

agglomeration or joining of the particles was observed, the silica nanoparticles were very 

stable at this temperature. The silica nanoparticles also maintained their porous 

morphology, as seen in high-magnification image (Figure 5.13c). Further, thermal 
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gravimetric analysis (TGA) of these nanoparticles was also collected within a temperature 

range 25-1500 oC (heating rate: 10 oC) under Ar flow. Even at temperature as high as 1500 

oC, the mass-loss of less than 5% was recorded (Figure 5.13d). These ex-situ results also 

proved the good thermal stability of silica nanoparticles.  

 

Figure 5.13 TEM images of silica supported on RGO support a) before and b) after ex-situ 

heating experiment, c) TEM image of silica nanoparticle maintaining porous morphology 

after heat-treatment, d) TGA curve of silica nanoparticles.  

5.4 Discussion 

GO dispersion was synthesized by modified Hummer’s method and in-situ TEM heater 

devices prepared by drop casting. The electron beam induced knock-out damage on GO 

flakes was minimized by limiting accelerating voltage to 80-120 kV. The dispersion as 

diluted as 0.5 μg/ml was utilized, hundreds of devices were be prepared from few ml of 
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dispersion. Maximum 1-2 μL was required to prepare a single device. In a first step, heating 

of GO was performed by current induced Joule heating. Initially, GO had very high 

electrical resistance that was brought down to 95% by localized heating. Resistance 

dropped rapidly at very low current, with further rise in current the resistance decreased 

gradually and linearly. Further, using Raman spectroscopy and EELS, the improvement in 

sp2 –bonded carbon content and crystallinity of graphene was established. ID/IG ratio 

plunged significantly from 1 to 0.34 confirming the reduction of GO to RGO. In EELS 

spectra, oxygen peak also vanished completely. As the current density was more than 1 x 

107 A/cm2, the equivalent temperature should be close to 2000 oC.[191] 

 

Figure 5.14 Schematic process flow of in-situ thermal stability investigation of Au and 

Silica nanoparticles. 

Thermal investigation of Au nanoparticles and silica nanoparticles was performed inside 

TEM using RGO-based heater devices, as shown in Figure 5.14. It was found that the 

RGO heater has radial heat distribution. Moreover, maximum temperature was realized at 

center of suspended RGO flake, while close to electrodes temperature was lower due to 

heat distribution through metal electrodes to silicon chip.[117] 
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Melting and evaporation of Au nanoparticles was found to be between 950-1000 oC 

confirmed by ex-situ and in-situ experiments. Upon Joule heating of RGO, non-uniform 

distribution of heat resulted in evaporation of Au particles in center first and then to edges 

of RGO flake. The combined influence of electron beam and thermal energy caused 

precipitation of carbon residues onto crystalline Au particles.[195] Notoriously, no shell 

was observed for ex-situ experiments owing to absence of electron beam. Agglomeration 

of Au nanoparticles was also observe at 950 oC. Particles diffused on the surface of the 

RGO support and coalesced to form larger particles. For in-situ experiments, no 

coalescence was observed due to the fixing of nanoparticle to the RGO support. Sutter et 

al. studied interaction of Au nanoparticles on amorphous carbon support, they reported 

formation of graphene layers at temperature as low as 425 oC subjected to intense electron 

irradiation.[195] Hobbs calculations showed that temperature rise due to electron beam 

induced heating is negligible in highly conductive sample.[198] Formation of graphitic 

shell around Au serves three-roles: i) passivation (no coalescence), ii) mechanical and iii) 

thermal stability to nanoparticles. At elevated temperature, Au nanoparticles diverged from 

its initial shape and underwent crystal rearrangement. In earlier studies, it was found that, 

upon heating, pressures as high as 3 GPa wwere generated due to encapsulation of 

nanoparticles inside graphitic shell.[174] That may be the reason before evaporation 

initiated, the Au nanoparticle transform from ordered structure (solid) to more disordered 

structure (liquid) without significant shape change. Evaporation of Au nanoparticles started 

only when temperature was increased beyond this point. In the course of evaporation, the 

carbon nanoshell preserved its shape while Au nanoparticle evaporated unevenly.  
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Contrary to Au nanoparticles, silica nanoparticles heat-treated on RGO support did not 

display formation of carbon shell. GO heater was successfully used for investigating 

thermal stability of silica nanoparticles inside TEM. This is the first in-situ TEM 

observation where melting and evaporation of an high temperature oxide was examined. 

Melting point of bulk silica is around 1710 oC. When silica nanoparticles supported on 

RGO were heated to elevated temperature, significant agglomeration of silica nanoparticles 

was noticed. Firstly silica nanoparticles coalescence to form irregular chain-like structure. 

Only silica nanoparticle in close proximity and held together by Van der Waals forces. 

With increasing temperature, the silica chain further transformed to more compact and 

regular chains before disintegrating again due to Raleigh instability. At same point, the 

disintegrated elliptical particles converted into spherical shape. Further, the diameter of 

silica nanoparticles dropped evenly due to uniform evaporation of silica. Even isolated 

silica particles responded to extreme heat conditions similarly. Evaporation of silica atoms 

from surface caused rise in surface reactivity due to presence of fresh active sites. Finally, 

nanometer sized pores were created in RGO by reaction between silica and carbon. 

No direct sublimation (solid to gas phase) of Au nor silica nanoparticles was observed. For 

both samples, solid particles were transformed to liquid particles and subsequently 

evaporated inside TEM vacuum chamber. However, silica evaporated uniformly while 

other non-uniformly under extreme conditions. The different behaviors of metallic and 

nonmetallic particles can be understood attending to unequal in size, morphology, 

orientation and chemistry.[194, 199]  
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5.5 Conclusions 

Here, we demonstrated a simple and cost effective method to fabricate GO/RGO based in-

situ TEM heater. The heater were fabricated by simple drop casting of GO dispersion onto 

pre-patterned Si chips. GO based heater has several advantages such as low-cost, large 

heating range (0-1700 oC), electron transparent membrane, good mechanical and thermal 

stability and ability to resolve atomically defined images. GO support was successfully 

reduced using Joule heating and subsequently used for heating experiment. Temperature 

of suspended RGO was raised to more than 1700 oC. Moreover, we investigated stability 

of Au nanoparticles and silica nanoparticles at temperature higher than their melting points. 

Au being crystalline materials showed non-uniform evaporation while amorphous silica 

evaporated uniformly. Their interaction with carbon also varied greatly, one stabilized the 

carbon shell while other predatorily etched graphene support. With availability of low cost 

synthesis and high productive yield, this technique is one of most promising method for 

preparing in-situ heating devices. 
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Chapter 6 Direct-reduction of Metal Precursors on Suspended 

Graphene Oxide 

 

6.1 Introduction 

Two-dimensional (2D) materials are the backbone of most of recent nanomaterials studies 

due to their unique structures, morphologies and properties.[200] Within the 2D family, 

graphene is one of the most promising material and the explored readily due to its inherent 

structure, mechanical, chemical, thermal and optical properties.[201-206] The graphene 

layer consists of a single layer of sp2 bonded carbon atoms in a honeycomb lattice. Since 

the discovery of graphene in 2004, various types of carbon nanomaterials have been 

developed.  Graphene oxide (GO) has emerged as an exciting member of 2D materials 

family.[207] Apart from being a derivative of graphene, GO possesses inherent chemical 

and physical properties, low-cost and easy synthesis procedures. Moreover, by changing 

synthesis conditions, the GO flakes with various sizes, morphologies and chemistries can 

be engineered.[161, 181, 208, 209]  

Separate sheets of GO are prepared by chemical oxidation and exfoliation of graphite flakes 

in an aqueous medium. Being an oxidized form of graphene, GO contains distorted carbon 

lattice with a range of reactive functional groups such as epoxy, hydroxyl and 

carboxylic.[161] The presence of these functional groups on the basal planes and edges of 

GO contribute to its characteristics such as high negative charge, active surface π-π 

interactions and hydrophilicity.[210] By utilizing these features, innovative hybrid 

nanomaterials have been engineered and developed.[211-213] Significant improvements 
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in efficiency and properties have been recorded in these hybrid nanostructures by combing 

GO flakes with inorganic nanoparticles.[182, 214]  

In this work, GO was explored as a transmission electron microscopy (TEM) support 

platform for investigating the direct synthesis of metal nanoparticles. Nanoparticles were 

synthesized in single-step on suspended GO flakes without any reducing agent. Both 

monoelemental (Au, Ag) and bielemental (Au-Ag alloy) nanoparticles were synthesized 

and investigated structurally and chemically.  

6.2 Experimental Methods 

Synthesis of the GO flakes was done using a modified Hummer’s method by our 

collabrator.[183] In a typical procedure, 1 g of expanded graphite was mixed with sulfuric 

acid in a three-necked round-bottomed flask and stirred well. After that, 10 g of KMnO4 

was added slowly into the mixture and further stirred in an ice bath for one day to 

completely oxidize the expanded graphite. 200 mL of Milli-Q water and 50 mL of H2O2 

were poured slowly into the mixture observing a color change to yellowish-brown. The 

obtained mixture was washed and centrifuged with HCl solution (90:10 water: HCl by 

volume) multiple times and with deionized water until the pH of the dispersion becomes 

more significant than five. The resultant GO dispersion was exfoliated and diluted by 

gentle shaking without subjecting to ultrasonication. 

Diluted dispersion of GO (< 1µg/ml) was utilized to position a suspended GO flake on pre-

patterned silicon devices. Precursors of Au (HAuCl4) and Ag (AgNO3) were used for in-

situ synthesis of nanoparticles on suspended GO flakes. The precursors with the 

concentrations of 0.01, 0.1, 1 and 10 mM were prepared in deionized (DI) Milli-Q water. 
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For each experiment, the precursor solution was drop-casted onto a suspended GO flake 

and allowed to dry, at room temperature and without light. Subsequently, the chips were 

loaded onto Aduro TEM holder (Protochips, Inc.) for TEM analysis.X-ray diffraction 

(XRD) pattern was obtained from Bruker D8 advanced XRD machine from 5 – 90o 2θ 

angle. For chemical analysis, Fourier transform infrared spectroscopy (Thermo Fisher 

Scientific FTIR) was performed in attenuated total reflectance between the wavenumber 

range of 500−4000 cm−1. 

6.3 Results 

6.3.1 Characterization 

 

Figure 6.1 a) SEM and b) AFM images; c) FTIR spectrum; d) Raman spectrum; e) XRD 

spectrum of as-synthesized GO flakes.  
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The characterization of as-synthesized GO flakes was performed, as shown in Figure 6.1. 

The sample was prepared by drop-casting diluted GO dispersion onto a clean silicon wafer 

and allowed to dry in a normal atmosphere. As shown in the SEM image (Figure 6.1a), GO 

flakes with a wide distribution of sizes (3-25 μm) were observed. AFM image established 

the flat and thin morphology of the GO flakes (Figure 6.1b). The average thickness of 

flakes was less than 2 nm.  Figure 6.1c shows the Raman spectrum of as-synthesized GO 

flake, and it comprises of D-, G- and 2D-bands commonly associated with distorted 

graphitic materials.[128] The prominent intensity of D-peak represents the presence of 

functional groups and defects on the basal planes/edges of the GO flakes.[207] The sample 

for XRD was prepared by multiple drop-casting and drying steps on plane glass-slide. XRD 

pattern (see Figure 6.1e) showed intense peak at 2θ = 10.1o
 (correspond to d-spacing of 

0.87 nm). Conventionally, graphite has d-spacing of 0.34 nm; the higher d-spacing denotes 

oxidation of basal planes of graphene.[183] Following d-spacing is a function of degree 

oxidation of GO and absorbed molecules.[215] Further, we collected FTIR and XPS 

spectrum to confirm the presence of various functional groups. As observed in Figure 6.1c, 

peaks for O-H stretching vibrations, C=O stretching vibrations, C=C bonds and C-O 

stretching vibrations were identified around 3100-3400 cm-1, 1720-1745 cm-1, 1610 cm-1 

and 1040 cm-1, respectively. 
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6.3.2 Production of Metal Nanoparticles on Graphene oxide 

 

Figure 6.2 a) Schematic steps for in-situ synthesis of metal nanoparticles on a GO flake; b) 

and c) TEM micrographs of a GO flake suspended between two electrodes at low and high 

magnifications, respectively; d) and e) TEM micrographs of GO flake after drop-casting 
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of Au precursor at low and high magnifications, respectively (inset: SAED pattern of as-

produced Au nanoparticles on GO flake); g) HRSTEM-HAADF micrograph of isolated Au 

nanoparticle along with its respective STEM-EDX spectrum. 

Isolated and self-suspended GO devices were assembled. Diluted GO dispersion with 

concentration <1μg/ml was prepared from the stock dispersion. A small droplet of the 

dispersion was then dropped on a pre-patterned chip with the help of a micropipette. The 

chips were further analyzed under the optical microscope to find out an isolated and 

suspended flake. Unwanted GO flakes present in the trench of the chip were removed using 

a laser beam. The GO flake was connected to the Au electrodes on both sides. For the 

synthesis of nanoparticles, the precursor solution was prepared in a beaker by mixing the 

desired quantity of metal salt (HAuCl4) and DI water. As depicted in Figure 6.2a, the steps 

involved in the in-situ synthesis of metal nanoparticles on a GO flake are summarized. 

Subsequently using micropipette, a small drop of precursor solution was dropped onto the 

GO carrying chips and allowed to dry in normal atmosphere. The nanoparticles formed as 

soon as the precursor was dropped onto the GO flake, without application of any external 

stimulus. The same chip was then transferred to the TEM column on the Aduro holder. 

With the help of TEM, the GO flake was inspected before and after deposition of the 

precursor solution.  

TEM micrographs of a clean and suspended GO device (i.e. before precursor deposition) 

are shown in Figures 6.2b and 6.2c. The thickness of the flake was less than 2.5 nm; 

furthermore, it was almost transparent to the electron beam. The gap between the two 

electrodes was around 3 µm. When this suspended GO flake was analyzed at high 
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magnifications, no metal or organic residues were present. After this TEM analysis, the 

chip was removed and the Au precursor (1 mM HAuCl4) was drop-casted onto the same 

chip in normal atmosphere without exposure to light. After drying, the chip was transferred 

again to the TEM column. As shown in Figures 6.2d and 6.2e, the presence of Au 

nanoparticles on the GO flake is notorious. Upon detailed TEM investigation, the size and 

density of Au nanoparticles were calculated. Most of Au nanoparticles had round shape 

and the size was remarkably smaller than 5 nm (see Figure 6.2f). In some areas, amorphous 

impurities were also noticed. As there was no external stimulus, the nucleation of 

nanoparticle took place due to the interaction between defects/functional groups and 

positively charged metal ions. Most Au nanoparticles were polycrystalline, as revealed in 

Figure 6.3f. SAED pattern and EDX spectrum also confirmed the formation of Au 

nanoparticles. Rings in the SAED pattern were assigned to (111), (200), (220) and (311) 

reflections from face-centered cubic (fcc) structure of Au crystals (see inset in Figure 

6.2f).[216, 217] Calculated lattice constant was around 0.407 nm. As observed in Figure 

6.2g, HRSTEM-HAADF investigation of isolated Au particles confirmed the multiply 

twinned crystal. STEM-EDX spectrum collected from the same nanoparticle has Au, Si 

and C/O peaks coming from Au nanoparticles, silicon chip and GO, respectively. 

Surprisingly, no peak for Cl was detected. 
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Figure 6.3 a) TEM image of self-suspended GO flake before depositing 1mM AgNO3, b-

e) TEM images of the GO flake in a) after depositing 1mM AgNO3, at different 

magnifications.  

To evaluate the reducibility of GO flakes, we tried to synthesize different monoelemental 

nanoparticles. The effect of concentration of precursor on the size and density of 

nanoparticles was also investigated. Ag nanoparticles were produced on GO support by 

depositing Ag precursor (0.01 mM, 0.1 mM, 1 mM and 10 mM AgNO3). TEM images of 

a self-suspended GO flake before and after depositing 1mM AgNO3 are shown in Figure 

6.3. Initially, no external stimulus was applied. In a single step, Ag nanoparticles were 

obtained without using any toxic and environmental hazards reducing agents. 
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Figure 6.4 a-d) Effect of concentration on size and density of nanoparticles. a) and b) 

STEM-HAADF and TEM images of Ag nanoparticles synthesized on GO flake using 

0.01mM AgNO3, c) and d) STEM-HAADF and TEM images of Ag nanoparticles 

synthesized using 1 mM AgNO3 (inset: SAED pattern of as-produced Ag nanoparticles on 

GO flake); e) HRSTEM-HAADF micrograph of isolated Ag nanoparticle along with its 

respective EDX spectrum. 
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Figure 6.5 Effect of concentration of AgNO3 on the size and density of as-produced Ag 

nanoparticles.   

The size and particle density of nanoparticles were quantified using STEM-HAADF and 

TEM imaging as shown in Figures 6.4a-6.4d. A significant jump in size, as well as density 

of nanoparticles, was witnessed by increasing the concentration from 0.01 mM to 1 mM. 

The average nanoparticle sizes were 2±0.5 nm (density: 4 NP/1000 nm2) and 3±0.5 nm 

(density: 13 NP/1000 nm2) for 0.01 mM and 1 mM concentration, respectively. The 

outcome of AgNO3 concentration variation on the size and density of as-produced Ag 

nanoparticles is plotted in a Figure 6.5. The conversion of AgNO3 to Ag occurred on the 

surface of GO flake without a reducing agent or external influence. This confirms the 

reducing-ability of GO. For high concentrations (> 10 mM), the only partial transformation 

of AgNO3 to Ag nanoparticle was observed, as explained in the following section. SAED 

pattern (see inset in Figure 6.4d) ratifies the crystallinity and fcc crystal structure of the as-

produced Ag nanoparticles. In addition to this, HRSTEM-HAADF micrograph was 

acquired from the as-produced Ag nanoparticle, as shown in Figure 6.4e. Lattice planes of 

Ag nanoparticle were randomly organized. As-produced Ag nanoparticle has multiply 

twinned structure, as confirmed by the presence of twin planes [110].  
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Figure 6.6 a) Time series TEM micrographs of Ag nanoparticle nucleation and growth on 

the GO flake. Here, the concentration of precursor was around 10mM AgNO3. (growth of 

the nanoparticle was accelerated using electric current-induced heating of GO flake); b) 

Time vs current/resistance curve; c) TEM micrograph of as-produced Ag nanoparticles at 

t = 0 sec; d) TEM micrographs of Ag nanoparticles after joule heating at t = 235 sec. 

When the concentration of the precursor was further increased to 10 mM AgNO3, the size 

and density of nanoparticles were increased. However, at 10 mM concentration, the 

complete reduction of AgNO3 did not occur on GO due to the availability of excess 

precursor and limited reduction sites. As seen in Figures 6.6a (panel i) and 6.6c, as-

produced Ag nanoparticles were densely packed on the GO surface at t = 0 sec. For the 

reduction of remaining precursor, the GO flake was heated by increasing current passing 
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through GO. When the electric current was gradually increased at the rate of 1 μA/sec 

(Figure 6.6b), a drop in resistance of GO flake (from 1.2 MΩ to 0.2 MΩ) was observed. 

With this current-induced Joule heating, the growth of nanoparticles was noticed. The 

current passing through the GO flake was stopped at 30 μA, to avoid excessive Joule 

heating and evaporation of Ag nanoparticles. Initially, the average size of the particles was 

3.3 ± 0.5 nm. As the temperature of GO flake rose, the excess precursor was reduced by 

the GO surface or the Ag nuclei. The diameter of the nanoparticles enlarged with increasing 

current-density as observed in panels i-vi (Figure 6.6a). While the overall size of all 

particles surged, the growth was not uniform. The average size increased to 4-5 nm. While 

for some nanoparticles, the size increased more than ten times. The accelerated growth for 

some nanoparticles is not clear (it requires further study). However, reasons for this unusual 

behavior could be the orientation of the as-produced Ag nanoparticles and the presence of 

a surface passivation layer and/or functional groups. Interestingly, most of the larger 

nanoparticles were located close to wrinkles or GO edges, as seen in Figure 6.7. 
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Figure 6.7 a) and b) TEM micrographs of GO flake (Figure 6.6) before and after currunt-

induced heating, respectively (the wrinkles on the GO flake are marked by red-arrows, the 

growth of larger particles on the GO flake was not uniform due to non-linear distribution); 

c) TEM micrographs of one of the larger particles, after current-induced heating (it can be 

noted that the larger nanoparticle was presence close to a wrinkle) 

 

 

Figure 6.8 a-b) STEM-HAADF and TEM micrographs of Au-Ag alloy nanoparticles at 

low magnification; c-d) STEM-HAADF and TEM micrographs of Au-Ag alloy 

nanoparticles at high magnification; e) Top: STEM-HAADF image of irregular shaped Au-
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Ag alloy nanoparticle, bottom: STEM-EELS map of the same nanoparticle. The red color 

is for Au, green for Ag. f) SAED pattern of Au-Ag alloy nanoparticles; g) EDX spectrum 

from a nanoparticle in c). 

For creating Au-Ag alloy nanoparticles on GO, a pre-mixed solution of Au and Ag 

precursor was prepared and dropped onto a GO flake. Both Au and Ag have fcc structure 

and form interstitial solid-solution readily (at all composition).[218]  Here, Au precursor 

(0.1 mM HAuCl4) and Ag precursor (0.1 mM AgNO3) were mixed in equal amount. 

Subsequently, the morphological and chemical analyses were carried out to estimate the 

size and chemical composition of as-produced nanoparticles. As seen in Figures 6.8a and 

6.8b, the bimetallic nanoparticles were observed in the as-produced condition, without any 

external stimulus.  The size, shape, chemistry and distribution of bimetallic nanoparticles 

were non-uniform. For monometallic nanoparticles, the size and shape of the nanoparticles 

were uniform (see previous section). Contrarily, the bimetallic nanoparticles had spherical, 

elliptical or random shapes. Most of the small nanoparticles were spherical, while larger 

ones had arbitrary shapes. These differences might arise due to the variation in 

electronegativity and diffusion coefficient of Au and Ag.[210]  

Figures 6.8c and 6.8d show the HRTEM and HRSTEM-HAADF micrographs of bimetallic 

nanoparticles, those having several small grains. To examine the chemical composition and 

elemental distribution, STEM-EELS mapping of the alloy nanoparticles was performed 

(see Figure 6.8e). There were two distinct types of alloys observed: Au-rich and Ag-rich 

alloy nanoparticles. The red area is for Au-rich alloy, while the green area is for Ag-rich 

alloy.  The SAED pattern (Figure 6.8f) shows the reflections from the polycrystalline 
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bimetallic nanoparticles having fcc crystal structure and measured lattice-constant was 

0.408 nm. STEM-EDX spectrum (Figure 6.8g) was collected from the Au-Ag alloy 

particle. EDX spectrum confirms the presence of Au and Ag in the alloy nanoparticles, Si 

and C/O peaks arise from silicon chips and GO flake, respectively. Here, both 

homogeneous and heterogeneous bimetallic nanoparticles were seen. Examples of 

homogeneous and heterogeneous alloy nanoparticle are shown in Figure 6.9a and 6.9b. 

 

Figure 6.9 a) STEM-HAADF of Au-Ag alloy nanoparticles (from Figure 6.8), b) STEM 

EELS map from bimetallic nanoparticles.   

6.4 Discussion 

As illustrated in Figure 6.10, in-situ synthesis of metallic nanoparticles on GO occurred in 

four steps. In the first step, a suspended GO flake on pre-patterned Si chips was prepared. 

In subsequent steps, the metal precursor containing ions was dropped onto a suspended GO 

and allowed to dry. As the water dried, the concentration of metal ions increased. Finally, 

when the water evaporated completely, the metal ions reduced on the surface of GO by 
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accepting electrons from the functional groups. By this simple procedure, both 

monoelemental and bielemental nanoparticles were synthesized on GO flake. 

The oxygen-containing functional groups such as epoxy, hydroxyl and carboxyl groups 

give overall negative charge to GO flake.[219] Following functional groups can interact 

with extensive range materials by non-covalent, covalent and/or ionic forces.[181] Type 

and quantity of oxygeneous functional groups in GO flakes are governed by synthesis 

conditions and chemicals. Moreover, oxygen atoms have a much higher affinity for metals 

ions compared to carbon atoms[220]; thus we believe the reduction of metal ions followed 

on oxygen-containing functional groups. The size of nanoparticles formed on the GO 

surface heavily depends on the rate of reduction of metals ions and diffusion of atoms on 

the surface of GO. Diffusion of atoms on the GO surface and/or metal nuclei was limited 

because most of the experiments were performed at room temperature with no external 

stimulus. Reduction of metal ions on the GO surface is supported by electrostatic attraction, 

coordination reaction and/or ion exchange.[210, 221]  
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Figure 6.10 Scheme for in-situ synthesis of metallic nanoparticles on a GO flake. Top: 

Steps required for in-situ synthesis of Ag nanoparticles on GO flake. Bottom: Production 

of Au, Ag and Au-Ag nanoparticles by drop-casting respective precursors.  

Upon drop-casting, the precursor solution onto GO flake, positively charged ions are 

attracted by negatively charged functional groups. GO surface reduce metal ions by 

donating electrons. Further, replacement of H+ ions from –COOH and –OH can also 

participate in the reduction of the metal precursor. Higher the density of functional groups, 

higher the nucleation sites and smaller nanoparticles.[222] Park et al. showed that metals 

ions can be bonded to oxygen functional groups on the basal planes and the carboxylate 

groups on the edges.[223] It has also been observed in the literature that r-GO has fewer 

the number of particles compared to GO due to less functional groups on r-GO.[222] 
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Previously, another 2D materials such as black phosphorus has also been explored as a 

direct reductant.[224]  

6.5 Conclusions 

In this chapter, the GO flakes were used both as electron beam transparent support as well 

as a reducing surface. Reducing capabilities of GO were established by a one-step in-situ 

synthesis of metal nanoparticles. By using this method, both monoelemental and 

bielemental nanoparticles were synthesized. Monoelemental nanoparticles prepared by this 

method were small and uniform, as recorded by TEM analysis. While bielemental 

nanoparticles showed opposite characteristics with large sizes and non-uniform 

morphology. It was also observed that the size and density of nanoparticles could be altered 

simply by changing the concentration of the precursor solution. We also found that 

nucleation and growth of nanoparticles on GO were supported by functional groups and 

external stimulus, respectively. We conclude that this method can be successfully used to 

synthesize GO-metal nanoparticle composites for various applications as well as for 

investigating nucleation and growth mechanisms of metal nanoparticles inside TEM. These 

observations demonstrated that GO surface, with numerous functional groups, is an 

efficient and safe reductant for preparing nanoparticles. 
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Chapter 7 Summary 

 

Membraneless electrical chips for in-situ TEM, with 2-30 µm through-hole trenches, were 

successfully fabricated using clean-room techniques. Using both wet and dry etching, 

electron beam-transparent windows were created by eliminating silicon nitride/oxide 

membranes. Different designs of chips were prepared so that wide range of nanoparticles 

can be integrated. Due to absence of silicon nitride/oxide membranes, the transfer of 

nanomaterials to the chips was possible with various transfer techniques. Depending upon 

what–ever method used, the nanoparticles were self-suspended and supported in the 

trenches. Chip were easily cleanable and reused after any unsuccessful experiments this is 

not possible with conventional membrane-based chips. 

The chips were mostly used for analyzing nanomaterials under TEM with or without 

external stimuli. We used electricity to induced structural, chemical and/or physical 

transformation in 1D, 2D and 0D nanomaterials. Furthermore, dynamic-TEM experiments 

with atomic resolved information were also performed. Apart from conventional TEM 

imaging, the chips also allowed to collect the spectroscopical as well as crystal structural 

information from the single nanoparticle. 

The devices integrated with isolated Ag nanowire and TEG flakes were prepared within 

one-step by drop-casting of Ag nanowire solution and mechanical exfoliation of EG flake, 

respectively. Further, we investigated current-induced breakdown characteristics of free-

standing Ag nanowire devices that was not possible with conventional membrane-based 

chips. For TEG devices, dry-transfer was achieved by peeling of EG flake using scotch-
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tape and transferred to membrane-less chips by pressing the TEG-tape film onto the 

membrane-less chips. Following method would have easily damage the membrane in 

conventional chips. During these experiments, the chips were also subjected to external 

thermal-treatment in vacuum as well as air without damaging their functionality of chips.  

We further investigated current-induced reduction and heating of a suspended GO flake. 

Ultra-high temperature in-situ heating devices were assembled by transferring the flat GO 

flake within a trench. GO being a non-permanent part of chips, the GO devices could be 

easily cleaned and reused.  Moreover, temperature as high as 2000 oC were achieved by 

Joule heating of GO membranes which was not possible for a typical silicon nitride/oxide 

membranes. Using these heating devices, the thermal analysis of 15 nm Au (bulk melting 

point: 1064oC) and 40 nm silica (bulk melting point: 1710oC) nanoparticles were also 

inspected. Further, GO support was also explored as reducing surface to synthesize both 

monoelemental and bielemental nanoparticles without reducing agent. 

It was further proved that due to small footprint of chips, they can be easily transferred 

from TEM to different equipment such as AFM, Raman and SEM for detail 

characterization. Thus, allowed complete analysis of a single nanoparticle with different 

characterization techniques. Moreover, the chips were also subjected to external treatments 

such as heating upto 1100 oC in muffle furnace, chemical processing with different solvents 

and O2 plasma cleaning without affecting their functions.   

The above experiments, employing different examples, demonstrated the importance of 

membraneless chips as characterization and processing platforms for discrete 

nanoparticles. The correlation of analogous in- and ex-situ TEM measurements (e.g. 
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electrical probing) is now possible at the single particle level, along with cycling studies of 

structure-property-process. 
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