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In the first part of the manuscript we have investigated low-frequency 1/f noise in 

the boron nitride – graphene – boron nitride heterostructure field-effect transistors on 

Si/SiO2 substrates (f is a frequency). The device channel was implemented with a single 

layer graphene encased between two layers of hexagonal boron nitride. The transistors had 

the charge carrier mobility in the range from ~30000 to ~36000 cm2/Vs at room 

temperature. It was established that the noise spectral density normalized to the channel 

area in such devices can be suppressed to ~510-9 μm2 Hz-1 , which is a factor of 5 – 10 

lower than that in non-encapsulated graphene devices on Si/SiO2. The physical mechanism 

of noise suppression was attributed to screening of the charge carriers in the channel from 

traps in SiO2 gate dielectric and surface defects. The obtained results are important for the 

electronic and optoelectronic applications of graphene.  

In the second part of this work we report on the current-carrying capacity of the 

nanowires made from the quasi-1D van der Waals metal tantalum triselenide capped with 

quasi-2D boron nitride. The chemical vapor transport method followed by chemical and 



 

 viii 

mechanical exfoliation was used to fabricate the mm-long TaSe3 wires with the lateral 

dimensions in the 20 to 70 nm range. Electrical measurements establish that the TaSe3/h-

BN nanowire heterostructures have a breakdown current density exceeding 10 MA/cm2 — 

an order-of-magnitude higher than that for copper. Some devices exhibited an intriguing 

step-like breakdown, which can be explained by the atomic thread bundle structure of the 

nanowires. The quasi-1D single crystal nature of TaSe3 results in a low surface roughness 

and in the absence of the grain boundaries. These features can potentially enable the 

downscaling of the nanowires to the lateral dimensions in a few-nm range. Our results 

suggest that quasi-1D van der Waals metals have potential for applications in the ultimately 

downscaled local interconnects.    
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Chapter 1 

Introduction 

For the purpose of studying performance and characteristics, investigating the physics 

behind electronic and thermal behavior of field-effect transistors and interconnects, novel 

material structures like van der Waals heterostructures were utilized and device fabrication 

and characterization were undertaken in this work. In Sec. 1.1 a brief introduction to 

utilized material structures is presented. In Sec. 1.2 the demand for low noise electronics 

is discussed. In Sec. 1.3 an interest in studying current-carrying capacity of quasi-1D MX3 

materials is reviewed. Ultimately, in Sec. 1.4 the outline of current dissertation is 

introduced.  

 

1.1 Van der Waals Heterostructures 

Since the ‘reinvention’ of graphene in 2004 researchers gained a unique opportunity to 

learn graphene experimentally. Considerable efforts were aimed at studying its unique 

properties and potential applications. The last ten years of graphene research developed a 

rich variety of methods for synthesizing, transferring, detecting, characterizing, 

manipulating and utilizing the properties of graphene. With the fundamental graphene 

research reaching its zenith, the researchers are now focusing their attention on other 

layered two-dimensional (2D) atomic crystals such as monolayers of molybdenum 
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disulphide (MoS2), hexagonal boron nitride (h-BN), and other dichalcogenides and layered 

oxides. The rapid progress in this interdisciplinary field greatly benefited from the 

infrastructure built for graphene. For the past several years a new promising research 

direction has been gaining strength – van der Waals heterostructures. It deals with isolating 

mono or few-layers of 2D materials by mechanical exfoliation or growth, modification of 

their properties by different techniques and careful controllable stacking of them on top of 

one another. This approach gives a unique opportunity to create 3D artificial structures 

with ‘tailored’ properties, many of which are even impossible to predict a priori. The 

growing interest to van der Waals heterostructures is not limited to new physics and 

materials science. Since it becomes possible to create materials systems that have multitude 

unique properties these strategies reveal potential for many applications like single-atomic-

layer thin-film transistors for electronic and photonic applications, materials with 

predetermined band-gap and work functions for photovoltaic applications, ‘smart’ ultra-

strong nanocomposite materials, and electro-mechanical devices for ultra-fast electronics. 

 

1.2 Low-Noise Electronics 

The low-frequency noise, usually found at frequencies below 100 kHz, limits the 

sensitivity and selectivity of all the sensors that rely on an electrical response. It is also 

responsible for the dominant contribution to the phase noise of the communication systems 

even when they operate at much higher carrier frequency [3-5]. For all most realistic of the 

proposed electronic applications of graphene the low-frequency electronic 1/f noise is a 

crucial performance metric (here f is the frequency). From the fundamental physics point 
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of view, graphene, as a truly two-dimensional material system, presents an interesting 

testing ground for theories describing the origin and mechanisms of 1/f noise [6-8]. In this 

work, it’s shown that it’s possible to suppress electronic 1/f noise in graphene FET up to 

10 times by encapsulating the device channel between thick sheets of hexagonal boron 

nitride. 

 

1.3 Quasi-1D trichalcogenides MX3 

Recently discovered unique electrical [9, 10], thermal [11, 12] and optical [13-15] 

properties of graphene have stimulated the search for other two-dimensional (2D) atomic 

crystals and heterostructures with properties distinct from the corresponding bulk materials 

[1, 6, 16-22]. A large number of the 2D materials belong to the family of transition metal 

chalcogenides that contain weak van der Waals bonding between the structural units [23, 

24]. Most research up to these days has been focused on dichalcogenide compositions MX2 

(where M = Mo, W, Ta and other transition metals; X = S, Se, Te). A study of the current-

carrying capacity of another class of the transition metal chalcogenides – quasi-1D 

trichalcogenides (MX3) is interesting from both fundamental science and practical 

applications points of view. Continuous downscaling of the silicon (Si) complementary 

metal-oxide-semiconductor (CMOS) technology leads to increasing current densities in the 

copper (Cu) interconnects. There is no existing technology with the breakdown current 

density, JB, high enough to sustain high currents and satisfy this ever increasing demand.  

A possibility of achieving very high breakdown current densities in quasi-1D metallic 

conductors may have implications for electronic industry. 
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1.4. Outline of the Dissertation 

This dissertation is divided into the following chapters: 

• Chapter 2: This chapter introduces the concept of van der Waals materials and van 

der Waals heterostructures. 

• Chapter 3: This chapter details the suppression of 1/f noise in near-ballistic h-BN-

Graphene-h-BN heterostructure field-effect transistors. 

• Chapter 4: This chapter presents a study of breakdown density in h-BN-capped 

quasi-1D TaSe3 metallic nanowires and speculates on the prospects of interconnect 

applications. 

• Chapter 5: A summary of the dissertation is presented here. 
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Chapter 2 

Van Der Waals materials and 

heterostructures 

2.1 Introduction 

2.1.1. van der Waals materials research evolution: from 

graphene to various single- and few-layer 2D materials 

Van der Waals solid is a material whose crystal structure exhibits neutral single-

atom-thick or polyhedral-thick layers of atoms with covalent or ionic bonding along two 

dimensions (within a layer) and van der Waals bonding along the third (interlayer). The 

weak interlayer van der Waals energies (~40 – 70 meV/atom) enable facile exfoliation of 

these layers. 

 One of the featuring and most ‘famous’ single- and few-layer thick two-

dimensional materials originating from 3D van der Waals solids is graphene. 

Scientists have speculated on the properties of graphene for half a century, when 

University of Manchester physicists Andre Geim and Konstantin Novoselov first isolated 

graphene in 2004. Their paper [9] demonstrated the pioneering studies of the electronic 

properties of graphene. They showed that electrons in graphene travel enormous distances 
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ballistically without scattering. By fabricating a field-effect-transistor (FET) device with 

graphene channel the researchers demonstrated that electronic properties of device could 

be substantially changed. Since then, researchers all over the world gained an opportunity 

to study it experimentally. The field of graphene science was born.  

With approximately ten thousand scientific papers being published every year on 

various graphene-related phenomena one can say that graphene research has probably 

reached its’ peak of interest. Nobel Prize Award in Physics in 2010 given to ‘graphene 

pioneers’ Andre Geim and Konstantin Novoselov for ‘groundbreaking experiments 

regarding the two-dimensional material graphene’ not only rewarded the recepients work, 

but also outlined the level of interest to the material nowadays. Over the last decade 

graphene research evolved from studying fundamental science and unique properties of 

graphene itself like unique Dirac dispersion (Fig. 2.1), high electron mobility [16], high 

thermal conductivity [12], mechanical properties [25] and others to examining its’ potential 

applications ranging from transparent electrodes, printable inks, gas barriers, heat 

dissipation, light materials, energy electrodes, semiconductor to nano-electro-mechanical 

systems. 
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Figure 2.1: Unique Dirac dispersion of graphene. 

 

 

The progress pace in this emerging and interdisciplinary area, which has captured 

the interest of researchers from a diverse set of fields spanning chemistry, physics, 

materials science and engineering, greatly benefited from the knowledge and infrastructure 

that has been developed and established over the past decade for graphene. The last 10 

years of graphene research has generated a wide variety of methods for synthesizing, 

transferring, detecting, characterizing, manipulating and utilizing the properties of layered 

van der Waals materials. These methods have facilitated the field of 2D materials beyond 

graphene to mature very quickly. 

With that been said it’s possible to conclude that low hanging graphene fruits have 

already been harvested and many researchers have started to pay their attention to other 2D 

layered van der Waals crystals such as isolated monolayers and few-layer crystals of  
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hexagonal boron nitride (h-BN), molybdenum disulphide (MoS2), tungsten diselenide 

(WSe2) other dichalcogenides and layered oxides. 

 

2.1.2 Transition metal dichalcogenides 

2.1.2.1 Structure and properties 

One of the most well-studied families of van der Waals solids is the layered metal 

dichalcogenides. Metal dichalcogenides, as the name, are composed of metal elements, 

from transition metal elements or metals from group IIIA, IVA, and chalcogen elements. 

This kind of materials can be further divided into two categories due to the type of metal 

elements in the composition. First type, the metal element is from group IIIA or IVA. 

Second type is represented by transition metal dichalcogenides (TMDs), which have 

generalized formula MX2, where M represents transition metal of groups 4-10 and X stands 

for chalcogen (Fig. 2.2). Single layers of TMDs with lamellar structures have attracted a 

lot of attention, because some of them are semiconductors with sizable bandgaps and are 

naturally abundant [26, 27].   
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Figure 2.2: a, About 40 different layered TMD compounds exist. The transition metals and 

the three chalcogen elements that predominantly crystallize in those layered structures are 

highlighted in the periodic table. Partial highlights for Co, Rh, Ir and Ni indicate that only 

some of the dichalcogenides form layered structures. b, c, c-Axis and [11–20] section view 

of single-layer TMD with trigonal prismatic (b) and octahedral (c) coordinations. Atom 

colour code: purple, metal; yellow, chalcogen. The labels AbA and AbC represent the 

stacking sequence where the upper- and lower-case letters represent chalcogen and metal 

elements, respectively. 

 

The most common methods for obtaining single- and few-layer-thick 2D materials 

are mechanical exfoliation of their 3D ‘parents’ using ‘Scotch tape’, chemical exfoliation 

by dispersing in a solvent having the appropriate surface tension and molecule/atom 
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intercalation in order to exfoliate these layers and enable their dispersion in polar solvents 

[28]. 

There are about 40 different layered metal dichalcogenides having many 

technological promises. 2D TMDs have interesting properties, complementing those of 

graphene. As it was mentioned above, such TMDs like MoS2, MoSe2, WS2 and WSe2 have 

significant band gap that can potentially lead them to being used in versatile applications 

in electronics, photonics and related applications [29]. The electronic properties of TMDs 

ranging from metallic to semiconducting are summarized in Table 2.1. 

Table 2.1: Summary of TMDs materials and properties. For the semiconducting materials 

the band-gap energies for single layer and bulk forms are shown. The cited references are 

indicated as experimental (E) or theoretical (T) results. Ref. [30-36]. 

 

 

Preferable properties for transistors in digital electronics are high charge carrier 

mobilities, enabling fast device operation, high on/off ratio, which provides device credible 

switching, and low off-state conductance for low power consumption during device 

operation in the off-mode. A conventional approach to increase the charge density is to use 
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doping, but it has a serious drawback – it can lead to decreased mobility because of 

scattering [37-39]. For switches desirable on/off ratios are of 104 – 107 [40, 41]. A lot of 

research interest in graphene was focused on electronics applications owing to its’ two-

dimensionality, high charge carrier mobilities and its’ current can be effectively controlled 

by an external gate voltage. Graphene was implemented for usage in various electronic 

devices applications like high-frequency radiofrequency analog transistors with cutoff 

frequencies reaching hundreds of gigahertz, taking advantage of the high carrier mobilities 

and high transconductances [42-45]. The absence of band-gap results in graphene devices 

inability to reach a low off-state current, which highly limits their potential for digital logic 

transistors. There is an increasing demand for novel nanoelectronic materials, which can 

be scaled to single- and few-layer thicknesses, providing sizeable band-gaps while keeping 

high carrier mobilities. 

Nowadays scientists and researchers start paying their attention to TMDs, which 

are atomically thin, have tunable band-gaps and can be fabricated into FETs with high 

on/off ratios [21, 39]. 

Transport and scattering of charge carriers is confined to plane of the material in 

layered 2D TMDs. Many of the scattering mechanisms, which are also observed in 

conventional semiconductors and graphene, degrade the mobility of carriers. Among the 

main of them are: acoustic and optical phonon scattering, Coulomb scattering at charge 

impurities, surface interface phonon scattering and roughness scattering [46, 47]. The 

extent to which the abovementioned scattering mechanisms degrade the carrier mobility is 
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also caused by TMD charge carrier density, layer thickness, effective charge carrier mass, 

temperature, electron band and phonon band structure. 

Ability of semiconductors to absorb and emit light is caused by their electronic 

band structures. In direct band-gap semiconductors photons with energy higher than band-

gap can be emitted or absorbed. In indirect band-gap semiconductors an extra phonon has 

to be emitted or absorbed to overcome the difference in momentum, leading to a less 

efficient process in terms of optoelectronics applications. TMDs have mostly direct 

semiconducting band-gaps thus promising potential in optoelectronics devices. Also, 

TMDs’ atomically sharp thinness and processability make them beneficial for flexible and 

transparent optoelectronics. 

The ratio of the intensities of the Raman peak from the substrate to TMD material 

Raman active peaks presents a convenient metric for quantifying film thickness. In 

particular, it was shown [48-50] for TaSe2, that the ratio of the Si substrate Raman peak 

intensity and the E2g or A1g peak intensity provides valid results in evaluating TMD 

material thickness (Fig. 2.3, 2.4).  
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Figure 2.3: Schematic of 2H-TaSe2 vibrational modes. 



 

 14 

 

Figure 2.4: a) Raman spectrum of exfoliated thin films of TaSe2 on Si substrate. The data 

is shown for the films thickness ranging from ~260 nm to below 30 nm. The intensity of 

Si peak at 522 cm-1 is increasing with the decreasing thickness of TaSe2 film. b) The ratio 

of the intensity of Si peak to E2g peak in Raman spectrum of TaSe2. Reproduced from 

Yan, Z., Jiang, C., Pope, T.R., Tsang, C.F., Stickney, J.L., Goli, P., Renteria, J., Salguero, 

T.T. and Balandin, A.A., 2013. Phonon and thermal properties of exfoliated TaSe2 thin 

films. Journal of Applied Physics, 114(20), p.204301, with the permission of AIP 

Publishing. https://doi.org/10.1063/1.4833250 

https://doi.org/10.1063/1.4833250
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2.1.2.2 Applications 

One of the most important possible applications of semiconductor TMDs is in 

transistors for digital electronics. 2D materials can possibly replace conventional 

semiconductors for ultra-thin transistor applications given they have pristine interfaces that 

are free from dangling bonds, structural stability and mobility comparable to Si, where 

transport and scattering are confined to the plane of material, which enables low-power 

and low-dissipation devices [49].  

Currently state-of-the-art processors have silicon-based metal-oxide-

semiconductor field-effect transistors with feature lengths below 20 nm [37]. The scaling 

direction of conventional silicon transistors forces myriad of them into smaller areas, which 

raises multiple hardships to overcome heat management issues. Thermal transport across 

interfaces can be tuned and improved by means of phonon engineering of atomically thin 

2D materials interfaces that will significantly increase performance of ultra-high density 

circuits. 

Flexible electronics is one of the most interesting near future applications of 

semiconducting TMDs. It was demonstrated [48] by conducting mechanical measurements 

on MoS2 monolayer that is 30 times stronger than steel and can be deformed by 11% before 

breaking. This data put MoS2 in a position of one of the strongest semiconductor materials 

and promising for flexible substrates. Recently, flexible transistor devices using 

electrochemically lithiated and exfoliated MoS2 as gas sensors [51] and CVD-grown MoS2 
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with an ionic gel gate dielectric [52] have been reported. Other TMD semiconductors 

exhibit mechanical properties [53] resembling that of MoS2.  

High nature abundance of TMDs and their direct band-gaps in the visible range can 

make them potentially useful as the light absorbing material in alternative thin-film solar 

cells [54], spanning flexible photovoltaic systems, which can cover curved building 

constructions. Conduction and valence-band edges, work functions of TMD materials are 

comparable with the work functions conventionally used electrode materials [30, 55, 56]. 

The ability to tune band-gaps in TMDs by means various intercalants like metal ions and 

organic molecules [57, 58] can let an opportunity to tune optical absorbances in 

photovoltaic applications. It was also shown that TMDs can be successfully used as 

conductors and electron-blocking layers in polymer LEDs [59, 60]. 

Single layers of semiconducting TMDs with direct band-gaps promise great 

potential for the active light-emitting layer in future flexible optoelectronics unlike 

graphene, which has no band-gap and requires special chemical processing to acquire local 

band-gaps that photoluminesce [61, 62]. TMD electroluminescence application was 

represented by MoS2 emitting light by electrical stimulus through Au nanoscaled contacts 

[63] and by SnS2 exfoliated from lithium intercalation and included into a composite 

polymer matrix [64]. Photoluminescence was shown to happen in single-layered MoS2, 

having a direct band-gap. The quantum yield of the monolayer photoluminescence is much 

higher than for bilayer and bulk MoS2.  

High surface-to-volume ratio makes 2D materials extremely sensitive to changes 

in their surrounding atmosphere and suggests them as strong candidates for molecular 
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sensing applications. Charge transfer, doping and intercalation changes as well as shifts in 

permittivity and lattice vibrations can be caused by exposure to gases and vapors. Gas 

sensors based on a graphene FET can be highly sensitive and have low noise. The detection 

mechanism works on the following principle: adsorbed molecules of surroundings transfer 

charge to graphene and change its’ resistivity [65-67].  

By incorporating TMDs into transistor devices and measuring electrical behavior, 

it’s possible to see changes in TMD material properties caused by external adsorbates. 

Also, it’s possible to detect presence of extrinsic molecules optically by changes in 

absorbance, photoluminescence or Raman spectra. 

Fast progress in studying fundamental physics and chemistry of 2D TMDs is 

strongly enabled by previous research experience accumulated by human science on the 

bulk TMDs intercalation chemistry, materials processing and characterization along with 

device fabrication methods and nanoscale characterization techniques developed for 

graphene. 2D TMDs have many peculiar properties that are not found in other materials 

and as science gets more knowledge about them, there are numerous not seen before 

unexpected and exciting applications.  

Other members of van der Waals solids that are known to be exfoliated to single- 

and few-layers are hexagonal boron nitride [68], vanadium oxide derivatives, other 

chalcogenides including Bi2Te3, Sb2Te3 and β-FeSe [69, 70] and etc. (Table 2.2). 
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Table 2.2: Layered crystal structures that have been or may potentially be mechanically 

exfoliated 

 

2.2 Van der Waals heterostructures 

After building rapid progress in investigating properties of different 2D materials 

on the basis of research experience gained for graphene, another logical step was to try to 

fabricate heterostructures and devices by stacking different 2D crystals on top of each 

other. Thus, a new research field has recently emerged and started developing strength over 

the past three years.   

2.2.1 Heterostructure fabrication approach 

The main idea is simple: isolate single- or few-layer, place it for example on top of 

another monolayer, add another 2D material and so on. This process can lead to appearance 

of ‘complex material on demand’ by first identifying and constructing the key building 

parts and then combining them into complex systems. The resulting stack represents an 



 

 19 

artificial material with predefined properties, with blocks defined with one-atomic-plane 

precision  [18] (Fig. 2.5). 

 

Figure 2.5: Building van der Waals heterostructures. Reprinted with permission from 

Macmillan Publishers Ltd: [Nature] (A.K. Geim and I.V. Grigorieva, Nature 499, 419-425 

(2013)), copyright (2013). 

 

In general, the building process consists of three different strategies: making 

various 2D materials by mechanical exfoliation and/or growth; adjustment of electronic, 

optical, structural properties of the materials by strain, chemical functionalization or other 

techniques; creation of advanced 3D materials by carefully controlled stacking of 2D layers 

with modified properties. The quantity of different heterostructure systems that can be 

constructed is practically infinite and their properties is even sometimes hard to predict. 

But, by learning the properties of constituent 2D materials and their interplay, it will be 
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possible to build materials with technologically meaningful electronic, mechanical, optical, 

structural and other properties. 

At the moment it’s possible to be certain of the existence of the library of 2D 

crystals, which can be processed for assembly under ambient conditions. The monolayers 

of graphite, h-BN and MoS2 heavily studied are the front line candidates to be used. There 

also 2D tungsten disulphide (WS2), tungsten diselenide (WSe2) and molybdenum 

diselenide (MoSe2), which have electronic, chemical and structural properties similar to 

MoS2 (Table 2.3).  

Table 2.3: Single-layers known to be stable under ambient conditions are shaded green. 

Monolayers probably stable in air are shaded blue and those unstable in air, but that may 

be stable in inert atmosphere are shaded yellow. Grey shading outlines 3D that have been 

exfoliated to monolayers, but for which there is not much information. ‘Others’ stands for 

other 2D crystals – including nitrides, borides, carbides and so on – that have probably 

been [28, 43, 71-73] or can be isolated. BCN, boron carbon nitride. The data are 

summarized from refs [20, 27, 28, 43, 71-74]. Reprinted with permission from Macmillan 

Publishers Ltd: [Nature] (A.K. Geim and I.V. Grigorieva, Nature 499, 419-425 (2013)), 

copyright (2013). 

 

When a particular heterostructure proves to be worthy of investigation, as it 

happened for graphene on h-BN [75], it’s expected to see reported attempts for large-scale 

automated assembly of epitaxially grown 2D crystals [68, 76-79]. Nevertheless, for 
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searching which area to focus on manual heterostructure assembly is likely to be the basic 

approach in the near future. It gives high yield ratio and offers simple changes in layer 

sequence and orientation.  

First step of a conventional assembly procedure consists of isolating micrometer-

sized 2D crystals on top of a thin transparent film (for example, polymer). The obtained 

structure is placed face down onto a chosen target - 2D crystal with the supporting thin film 

being then removed or dissolved. Procedure repeats over and over again until the desired 

stack is assembled. This approach is quite straightforward and requires a simple transfer 

set up equipped with a good microscope. However, this fabrication technique takes several 

months to master it practically. Besides common clean room operation procedures like 

cleaning, resist spinning, dissolving, electron beam lithography, etching and so on, it’s of 

great importance to position 2D crystals on top of each other with micrometer accuracy. 

That is usually accomplished on the transfer setup equipped with optical microscope by 

using micromanipulators. It’s necessary to put the 2D crystals in soft contact without 

rubbing and, ideally cleaved surfaces should be prevented from contacting any liquid or 

polymer to minimize heterostructure contamination. After adding each new layer it can be 

useful to apply thermal annealing in an inert atmosphere.  

Complicated multilayer systems can now be fabricated within a week despite 

multiple steps involved. One of the largest quantity of 2D crystals assembled in one 

heterostructure so far is a stack of six alternating bilayers of graphene and h-BN  [80]. One 

of the most sophisticated designs produced by the moment of writing has probably been 

double-layer graphene devices [81], such as those shown in Fig. 2.6. 
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Figure 2.6: Double-layer graphene heterostructures. a, an optical image of fabricated 

device and its’ schematics in matching colors (b). Two graphene Hall bars are carefully 

aligned, separated by a trilayer h-BN 2D crystal and encapsulated between thick h-BN 

crystals (h-BN is shown as semitransparent slabs). Van der Waals heterostructure is placed 

on top of a Si/SiO2 wafer. The colors in a indicate the top (blue) and bottom (orange) Hall 

bars and their overlapping region (violet). The graphene layers are not visible in the optical 

device image because of the top Au gate outlined by dashes. The scale is presented by the 

width of the Hall bars, 1.5 μm. Reprinted with permission from Macmillan Publishers Ltd: 

[Nature] (A.K. Geim and I.V. Grigorieva, Nature 499, 419-425 (2013)), copyright (2013). 

 

Interfaces in these heterostructures are reported to be clean and atomically sharp [80, 82], 

with no evidence of contaminating ‘goo’ that usually covers 2D crystals even under high 

vacuum conditions. Such clean interfaces are caused by the nature of interplaying 2D van 

der Waals materials. Van der Waals forces attract neighboring crystals and squeeze out 

absorbed contaminants and force them into micrometer-sized bubbles [80]. This results in 

a technical possibility of fabricating tens of micrometer-sized devices practically free of 

contamination. With current progress in materials growth it’s worthy to mention that 

atomically sharp interfaces are impossible to achieve by other techniques, including 

molecular beam epitaxy, because of island growth.  
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2.2.2. Heterostructure devices 

Demonstration that h-BN could serve as a high-quality substrate for graphene [83] 

in 2010 sparked the interest towards van der Waals heterostructure fabrication. This 

allowed rapid progress in development of transfer methods. Encapsulation was the next 

logical approach, which consisted of h-BN 2D crystals serving as a protective cover layer 

for graphene [84], but not only as a substrate. This led to appearance of devices with 

consistently high quality, as indicated by measured high mobility, that does not deteriorate 

under ambient conditions. 

The next logical step was ‘vertical’ devices. The use of ultrathin materials like few-

layer thick crystals of h-BN, MoS2 or WS2 in vertical heterostructures enables partial 

penetration of electric fields through the whole assembly, thus allowing gate tunability of 

the structure [82, 85, 86]. Recently, a tunneling field-effect transistor (TFET) composed of 

graphene/TMD/graphene stack, where the TMD acts as a tunneling barrier was reported 

[82, 87] (Fig. 2.7). 
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Figure 2.7: Van der Waals heterostructure devices. a, Optical image of a tunneling field-

effect transistor consisting of graphene/WS2/graphene stack encapsulated between h-BN 

2D layers. Grb and Grt indicate bottom and top graphene layer respectively. b, semilog 

transfer curve of the same TFET device showing high on/off ratios of more than 106. The 

inset shows a schematic diagram of the device cross-section. Reprinted with permission 

from Macmillan Publishers Ltd: [Nature Nanotechnology] (T. Georgiou et al. Nature 

Nanotechnol. 8, 100-103 (2013)), copyright (2013).  

 

In this TFET device tunneling probability can be modulated by adjusting the Fermi level 

of the graphene by a gate voltage, thus controlling the tunneling current between the two 

graphene layers within 6 orders of magnitude [82]. This significant on/off ratio was also 

independently confirmed theoretically [88]. The electrodes’ Fermi energy can be controlled 

by as much as 0.5 eV owing to the low density of states of graphene. In contrast to the 

standard Fowler-Nordheim mechanism, which is founded on tilting the top of potential 

tunnel barrier, an increase in the Fermi energy effectively lowers the barrier, even if no 

bias is applied [87].  Heterostructure TFETs demonstrated high resilience to bending when 

they were fabricated on flexile substrates [82]. Also, it’s worthy to note that a vertical 

heterointerface between graphene (semimetal) and MoS2 (semiconductor) induces a two-

dimensional Schottky barrier that can be tuned by a gate voltage [86]. 
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 The charge transport in graphene/TMD/graphene heterostructures occurs by means 

of a combination of tunneling through the potential barrier and thermionic emission over 

the barrier modes. The dominant mechanism is caused by temperature, gate voltage and 

the thickness of TMD semiconductor  [82, 87, 89]. Tunneling through the potential barrier 

is a dominating mechanism with TMD layer thicknesses of 1-5 nm, and thus a thicker TMD 

results in lower off-state currents (negative voltages) and increased on/off ratios [82]. 

Logically, thermionic emission current dominates charge transport for positive voltages 

and high temperatures. 

 One of the important research directions of van der Waals heterostructures is 

inclusion of crystallographic alignment, which can be done with an accuracy of less than 

1° [90]. Despite the relatively weak interaction between 2D crystal layers in the assembly 

(around 10 meV Å-2; ref. [91]), electron orbitals extend out of the layer plane and influence 

the neighboring 2D crystal. This produces moiré patterns depending on the rotation angle 

between stacking crystals and their lattice mismatch [92-94] (Fig. 2.8). In graphene on h-

BN heterostructure, h-BN substrate produces periodic potential, which creates additional 

Dirac cones at high electron and hole densities [90, 95] (Fig. 2.8a). The superlattice 

phenomena are significantly pronounced, such that the Hall effect changes its’ sign (Fig. 

2.8b) and the new Dirac cones have their own set of Landau levels [90, 95]. To the moment 

of writing this is the most clear evidence that 2D crystal layers surface contamination could 

be negligible and also demonstrates that the electronic properties of van der Waals 

heterostructures can be tuned by means of moiré potentials. Also, such band-gap 

engineering can be applied by using the careful alignment of monolayers that have 
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comparable lattice constants (for example, MoS2 and WSe2). The generated van der Waals 

assembly is expected to show optical and electronic properties distinct from its’ 

components [96]. 

 

Figure 2.8: Importance of crystallographic alignment. The conventional Dirac-like 

spectrum is reconstructed for graphene on h-BN, and new Dirac cones are shown in both 

valence and conduction bands (inset in a). It results in the appearance of pronounced peaks 

in resistivity (a) and the Hall effect changes sign (b). The inset in b shows the moiré 

patterns. Reprinted with permission from Macmillan Publishers Ltd: [Nature 

Nanotechnology]: (L.A. Ponomarenko et al. Nature 497, 594-597 (2013)), copyright 

(2013). 
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Although bulk hexagonal phases of layered semiconducting TMDs such as MoS2, 

WS2, WSe2 and MoSe2 exhibit indirect band gaps, a mono-layer of semiconducting TMD 

possesses a direct band gap which could be used in the construction of novel optoelectronic 

devices, catalysts, sensors and valleytronic components. Unfortunately, the direct band gap 

only occurs for mono-layered semiconducting TMDs. It was shown [97] using first 

principles calculations, that by alternating individual layers of different semiconducting 

TMDs (MoS2, WS2, WSe2 and MoSe2) with particular stackings, it is possible to generate 

direct band gap bi-layers (Fig. 2.9, 2.10) ranging from 0.79 eV to 1.157 eV. Interestingly, 

in this direct band gap, electrons and holes are physically separated and localized in 

different layers.  

 

Figure 2.9: Bilayer heterostructures of semiconducting TMDs. a, Stacking type B; b, 

Stacking type A. Ref.[97]  
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Figure 2.10: a, Band structure of bulk hexagonal WS2; b, Band structure of a monolayer 

WS2; c, Band structure of the bi-layer with an A stacking (WS2 – MoS2, A); d, Bi-layer 

(WS2, WSe2, B); e, Bi-layer (WSe2, MoS2, A); f, Infinite number of layers: Crystal (WS2, 

WSe2, A). Ref.[97]. 
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Fabrication of multitude of other types of van der Waals heterostructures is 

expected to be reported soon. Various proximity effects are obviously to be studied first. 

For this purpose different 2D crystals can be placed on top of atomically thin crystals 

exhibiting magnetism, ferroelectricity, spin-orbit coupling and so on.   

 

2.2.3 Multilayer systems contamination 

By stacking various 2D atomic crystals on top of each other, it is possible to create 

multilayer heterostructures and devices with designed electronic properties. However, 

various adsorbates become trapped between layers during their assembly, and this not only 

affects the resulting quality but also prevents the formation of a true artificial layered 

crystal upheld by van der Waals interaction, creating instead a laminate glued together by 

contamination. Transmission electron microscopy (TEM) has shown that graphene and 

boron nitride monolayers, the two best characterized 2D crystals, are densely covered with 

hydrocarbons (even after thermal annealing in high vacuum) and exhibit only small clean 

patches suitable for atomic resolution imaging [98-102]. That observation seemed 

detrimental for any realistic prospect of creating van der Waals materials and 

heterostructures with atomically sharp interfaces. Recently, by means of employing cross 

sectional TEM and taking a side view of several graphene-boron nitride heterostructures, 

it was shown that the trapped hydrocarbons segregate into isolated pockets, leaving the 

interfaces atomically clean. Heating material stacks to 300 °C increases bubbles diffusion 

and provides large areas free of bubbles for device fabrication. Moreover, a clear 
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correlation between interface roughness and the electronic quality of encapsulated 

graphene has been observed.  

 

2.2.4 Transfer methods 

Three of deterministic transfer methods are rather extended nowadays: the wedging method 

[103], the polyvinylalcohol (PVA) method [83] and the Evalcite method [104]. 

In the wedging transfer method water is used to lift off a hydrophobic polymer layer spin-

coated onto a hydrophilic substrate. If the hydrophilic substrate was covered by flakes, they 

can be lifted off with the hydrophobic polymer layer and transferred to another substrate 

using water as the transfer-active component. After the transfer, the hydrophilic polymer 

layer has to be removed with solvents. In the PVA transfer method, the flakes are 

transferred onto a polymer sacrificial layer (spin-coated on a substrate previously treated 

with a water solvable PVA polymer layer). The substrate is floated on the surface of a 

deionized water bath and once the water-soluble polymer has dissolved, the substrate sinks 

to the bottom of the bath and the polymer layer is scooped and subsequently dried. The 

polymer layer is then mounted in a micromanipulator to transfer the flakes to an arbitrary 

substrate. After transfer, the polymer sacrificial layer is dissolved with solvents. Finally, in 

the Evalcite method, the flakes are transferred onto a glass slide which has been spin-coated 

with a low glass temperature polymer (Evalcite). The glass slide is mounted in a 

micromanipulator and the acceptor substrate is heated up to 75 ºC – 100 ºC. When the 

polymer touches the substrate it melts and adheres strongly to the surface, facilitating the 
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transfer from the glass slide to the surface. After the transfer, the polymer layer has to be 

removed with solvents as in the previous methods. 
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Chapter 3 

Suppression of 1/f Noise in Near-Ballistic 

h-BN-Graphene-h-BN  heterostructure 

Field-Effect Transistors  

3.1. Introduction 

The most realistic of the proposed electronic applications of graphene are those that 

do not seriously suffer from the absence of an energy bandgap but rely mostly on 

graphene’s high electron mobility, thermal conductivity, saturation velocity, and a 

possibility of tuning the charge carrier concentration over a wide range [107, 108]. These 

applications are in analog electronics [3-5], high-frequency graphene devices for 

communications [41, 109], and terahertz plasmonic devices [110, 111] which rely on its 

excellent electron mobility and saturation velocity, as well as in chemical and biological 

sensing enabled by the ultimately high surface-to-volume ratio and the precise control of 

the carrier concentration [67, 112-114]. For all these applications, the low-frequency 

electronic 1/f noise is a crucial performance metric (here f is the frequency). The low-

frequency noise, usually found at frequencies below 100 kHz, limits the sensitivity and 

selectivity of all the sensors that rely on an electrical response. It is also responsible for the 
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dominant contribution to the phase noise of the communication systems even when they 

operate at much higher carrier frequency [115-117]. From the fundamental physics point 

of view, graphene, as a truly two-dimensional material system, presents an interesting 

testing ground for theories describing the origin and mechanisms of 1/f noise [6-8].    

 

Owing to the importance of the subject, there have been numerous reports on 1/f noise in 

graphene devices [6-8, 118-128]. Despite some data scatter due to unavoidable differences 

in graphene and device quality, most of the studies agree on the following characteristics 

of low-frequency noise in graphene. The low-frequency noise spectral density, SI, in 

graphene devices is proportional to I2 (here I is the drain – source current). The latter 

implies that the electrical current does not drive the fluctuations but merely makes them 

visible as in other homogeneous conductors [129]. Although both the graphene layer itself 

and metal contacts contribute to the 1/f noise, the dominant contribution mostly comes from 

the graphene channel itself. The results obtained by different groups for micrometer size 

graphene devices on Si/SiO2 substrates put the current normalized spectral density SI/I
2 in 

the range 10-9 to 10-7 Hz-1 at f = 10 Hz [6]. A more informative characteristic of 1/f noise 

level in two-dimensional (2D) materials is the noise spectral density normalized to the 

device channel area, which we denote as parameter =(SI/I
2)(W×L), where W is the channel 

width and L is the channel length. Independent studies established that  parameter is in 

the range from ~ 10-8 to 10-7 μm2 Hz-1 for micrometer scale graphene devices on Si/SiO2 

substrate. Another important finding reported by several groups [6, 7, 126-128] was that 

1/f noise in graphene does not follow the McWhorter model [130] conventionally used for 
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description of noise in Si complementary metal-oxide-semiconductor (CMOS) transistors 

and field-effect transistors (FETs) made of other conventional semiconductors [116].   

 

Different mechanism of noise in graphene calls for investigation of the noise reduction 

techniques that can be effective for the specific material system. In this Letter, we report 

on the low-frequency noise in the hexagonal boron nitride – graphene – boron nitride (h-

BN-G-h-BN) heterostructure field-effect transistors (HFETs) on Si/SiO2 substrates. The 

mobility in back-gated and top-gated graphene devices on Si/SiO2 substrates used for noise 

studies previously was in the range from 1500 to 7000 cm2/Vs at room temperature (RT). 

In our HFETs graphene channel is screened from defects by the hexagonal BN cap and 

barrier layers. The latter resulted in RT mobility in the back-gated graphene HFETs in the 

range from ~30000 to 36000 cm2/Vs and allowed us to study the low-frequency noise in 

the supported graphene devices operating in the near-ballistic transport regime [131].  

 

3.2 h-BN – graphene – h-BN heterostructure HFETs: 

Device Fabrication 

The specific structure of h-BN-G-h-BN heterogeneous device channel was selected 

following the reports of mobility enhancement in graphene devices on h-BN substrate [18, 

83, 84]. We modified the device design by using a thicker h-BN barrier and cap layers for 

better screening from the defects. Raman spectroscopy (Renishaw InVia) was used to 

determine the number of atomic planes in the exfoliated graphene samples and to verify 
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the quality of the selected graphene and h-BN layers used for the device fabrication. Figure 

3.1 (a-b) shows an optical microscopy image of graphene on top of h-BN layer and Raman 

spectrum of the exfoliated graphene. The ratio of the intensity of G peak to the intensity of 

2D band and deconvolution of the 2D band prove that the device channel is made of single 

layer graphene.  

 

The devices were fabricated in the following steps. First, h-BN layers (thickness H~30 nm) 

were mechanically exfoliated on top of p-doped Si/SiO2 wafer (300 nm of SiO2). Graphene 

layers were prepared by the same procedure on another Si/SiO2 substrate. Thin viscoelastic 

materials (Gelpak) adhered to glass slides were used as transparent stamps for the layer 

transfer. The stamps were spin-coated (Headway SCE) with polypropylene carbonate 

(PPC). Second, the stamp with PPC was brought into contact with the h-BN layer on a 

substrate using a micromanipulator. The stage was heated to 40°C allowing for adherence 

of h-BN crystal with subsequent lifting of the stamp with attached h-BN layer. Third, the 

micromanipulator was used for careful positioning of h-BN layer over the graphene layer. 

Pressing the stamp with h-BN layer on top against monolayer graphene placed on a SiO2 

substrate and heating the stage to 40 °C led to the adherence of the graphene layer to h-

BN. Repeating these steps, h-BN – graphene – h-BN stacks were formed creating the 

desired heterostructure. The completed heterostructure was released by heating the stage 

to 90 °C onto the degenerately doped p-type Si/SiO2 substrate. Finally, the PPC layer was 

washed out with acetone to leave the assembled stack on the substrate. No cleaning 
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treatments like thermal annealing have been used before and during the assembly process 

as well as in the post-fabrication stage.  

 

Figure 3.1: (a) Optical microscopy image of an assembled h-BN - graphene - h-BN stack. 

(b) Raman spectrum of an exfoliated single layer graphene flake. The absence of the 

disorder D peak indicates the high quality of graphene. 
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The fabricated heterostructures were spin coated and heated with a positive resist 

polymethyl methacrylate (PMMA) two times. Patterning of the assembled stacks was 

accomplished by electron beam lithography (EBL) (LEO Supra). In order to expose 

encapsulated graphene edges the assembled stacks were selectively etched with sulfur 

hexafluoride (SF6) gas on an inductively coupled plasma system (Oxford Plasmalab) into 

conventional Hall bar geometries. The samples were rinsed with acetone to remove the 

resist mask. After the repeated PMMA spin coating procedures, the electrical contacts were 

patterned with EBL. Immediately before metallization, the graphene edges were exposed 

to O2 plasma to improve bonding and increase transmission [132, 133]. The metal leads 

(10 nm Cr / 100 nm Au) were deposited by electron beam evaporation (Temescal BJD). 

The electrical contacts were made to Cr adhesion layers because the Cr work function is 

~0.16 eV lower than that of graphene [134]. The fabricated three-dimensional (3D) Cr/Au 

electrodes touched the 2D graphene monolayer along the one-dimensional (1D) graphene 

edge in these devices. This “1D contact” approach is typically advantageous in comparison 

to conventional “2D contacts” in the sense of separating the layer assembly and 

metallization processes, lower contact resistance [133]. The schematics and optical 

microscopy image of a representative device are presented in Figure 3.2. Total of eight 

devices were studied in this work. 
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Figure 3.2: (a) Schematics of h-BN-G-h-BN HFET. Note the structure the “one-

dimensional” contact to the fully encapsulated graphene layer. (b) Optical microscopy 

image of a representative graphene encapsulated HFET. The source and drain contacts of 

the device are denoted with S and D symbols, respectively. 

 

3.3 h-BN – graphene – h-BN heterostructure HFETs: 

Electrical Characteristics 

Transport measurements were done in a two-probe configuration with the heavily doped 

Si substrate used as the back-gate. Figure 3.3 shows the current-voltage (I-V) 
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characteristics of a representative h-BN-G-h-BN HFET with L=9.45 m. The effective 

mobility, μeff, was determined from the channel resistance using the expression 

 𝜇𝐸𝐹𝐹 =  
𝐿𝐺

𝑅𝐸𝐹𝐹𝐶𝐺(𝑉𝐺𝑆−𝑉𝐷)𝑊
 ,            

      (1) 

where LG is the gate length, CG is the gate capacitance per unit area, 𝑅𝐸𝐹𝐹 =
𝑅𝐷𝑆−𝑅𝐶

1−𝜎0(𝑅𝐷𝑆−𝑅𝐶)
, 

σ0 is the conductivity at the voltage corresponding to the charge neutrality point, RC is the 

sum of the drain and source contact resistances, and RDS is the measured drain-source 

contact resistance. All our measurements were performed in the linear regime at very small 

currents so that the external VGS was approximately equal to the intrinsic source-gate 

voltage. The field-effect mobility, μFE, was determined from the transconductance, gm0, in 

the linear regime using the expression   

𝜇𝐹𝐸 =
𝑔𝑚0

𝐶𝐺(𝑉𝐷𝑆−𝐼𝑅𝐶)

𝐿𝐺

𝑊
 ,          

      (2) 

where VDS is the drain-source voltage. In the linear regime at small drain voltages the 

internal transconductance was found from 

𝑔𝑚0 ≈ 𝑔𝑚 (1 +
𝑅𝐶

𝑅𝐸𝐹𝐹
+ 𝑅𝐶𝜎0),         

      (3) 

where gm is the external transconductance. Both the effective and field-effect mobility 

extractions gave consistent results and the charge carrier mobility was determined to be 

greater than 30000 cm2/Vs at RT and for the carrier concentration of 71011 cm-2. The low-

temperature (T=77 K) mobility values reached 100,000 cm2/Vs.  
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An estimate for the contact resistance, RC, was obtained by plotting the drain-to-source 

resistance, RDS, versus 1/(VG – VD), where VG is the gate bias and VD is the Dirac (charge-

neutrality point) voltage. An extrapolation of this dependence to 1/(VG – VD) = 0 provides 

the sum of the drain and source contact resistance RC. For the studied devices, the value of 

the contact resistance per unit width, 𝑅𝑐0 = 𝑅𝐶×𝑊/2 was ~ 277 Ωμm. To estimate the 

charge carrier mean free path (MFP), , we used a conventional relation between the 

mobility, , and electrical conductivity  Fkheen )/2( 2 , where 
2/1)( nkF  is the Fermi 

wave vector in 2D graphene, h is the Plank’s constant, e is the charge of an electron and n 

is the carrier concentration. For n=21012 cm-2, from the expression 
2/1)/()2/(  neh  

we obtained ≈0.311 m. For devices with W≈1 m and L in the range from 2.5 to 9.45 

m the electron transport is not yet ballistic, but it approaches this regime. As predicted in 

[135], the unique features of the near ballistic response could be revealed by studying 

“ringing” of the transistor response to short THz pulses.  
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Figure 3.3: Current – voltage transfer characteristics of h-BN-G-h-BN HFETs. The source-

drain voltage is 10 mV.   

 

3.4 h-BN – graphene – h-BN heterostructure HFETs: 

Noise Measurement Results 

The low-frequency noise was measured using an in-house built experimental setup with a 

spectrum analyzer (SRS FFT). The devices were biased with a “quiet” battery - 

potentiometer circuit. Details of our noise measurement procedures have been reported by 

some of us elsewhere [7, 8, 120]. Figure 3.4 shows representative normalized noise 

spectrum density, SI/I
2, for one of the tested devices. The noise is of true 1/f type with  
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varying from 0.95 to 1.2 with an average for a device with the channel 

WL=1.169.45 m2. For the device with the channel WL=13.21 m2, the extracted  

was in the range from 0.84 to 1.27 with an average value of =1.02. Table 3.1 lists the  

values for two representative devices. No trend in  dependence with the device channel 

area or gate voltage, which would suggest non-uniformity of the charge trap distribution 

[116], was observed. The noise spectra of all examined devices revealed no traces of the 

generation-recombination (G-R) noise. The noise spectrum density of the high-mobility h-

BN-G-h-BN HFETs revealed strongly non-monotonic gate-bias dependence, which is 

contrast to that described by the McWhorter model in Si CMOS devices [130].  

 

Figure 3.4: Normalized noise spectrum density in h-BN-G-h-BN HFET as a function of 

frequency for several values of the back-gate bias VG. Note that VG=-7.75 corresponds to 

the Dirac point.  
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Table 3.1: Parameter  for low-frequency noise in BN-Graphene-BN HFETs 

VG (V) -60 -30 -10 -8 -5 0 5 10 30 60 

(device A) 1.16 1.04 0.96 1.19 0.95 1.16 0.97 1.12 1.12 1.20 

(device B) 1.27 0.84 0.95 1.04 1.02 1.02 0.96 0.94 1.04 1.05 

 

To better elucidate the non-monotonic type of the noise gate bias dependence we calculated 

the noise amplitude as 𝐴 =  
1

𝑍
∑ 𝑓𝑖𝑆𝐼𝑖/𝐼2𝑍

𝑖=1 , which is a dimensionless noise characteristic 

analogous to the normalized noise spectral density SI/I
2 but averaged over several 

frequencies (here Z is the number of the frequency data points). Figure 3.5 shows the noise 

amplitude in our h-BN-G-h-BN HFET as a function of VGS-VD (VD is the Dirac voltage). 

For comparison, we also show noise amplitude in conventional non-encased graphene FET 

on Si/SiO2 reported in Ref. [126]. The non-encased graphene FET had mobility less than 

3000 cm2/Vs. In our high-mobility h-BN-G-h-BN HFETs the minimum of the noise 

amplitude was achieved near the Dirac point, similar to that in the conventional graphene 

FETs [6, 126]. The McWhorter model predicts that SI/I
2 decreases in the inversion regime 

as ~(1/n)2. Any deviation from this behavior is interpreted as the influence of the contacts, 

inhomogeneous trap distribution in energy or space, or contributions of the mobility 

fluctuations to the noise. As seen from Figure 3.5, in conventional graphene FETs on 

Si/SiO2 the noise gate dependence has characteristic “M” shape [17]. The noise gate 

dependence in our h-BN-G-h-BN HFETs is also close to “M” shape and it does not follow 

the McWhorter model.        
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Figure 3.5: Noise amplitude as a function of the gate bias with respect to the Dirac point, 

VGS-VD for h-BN-G-h-BN HFET. The results are shown for the device with the largest 

channel dimensions. The data for conventional non-encapsulated graphene FET on Si/SiO2 

wafer from Ref. [28] are also shown for comparison. 

 

The parameter = (SI/I
2)(WL) is a better characteristic of 1/f noise in 2D materials than 

Hooge parameter introduced specifically for volume noise [120]. For conventional 

graphene devices on Si/SiO2 substrates  parameter is ~10-8 to 10-7 μm2 Hz-1 for 

micrometer-scale channels [6]. In our high-mobility h-BN-G-h-BN HFETs  was 

determined to be in the range from 510-9 to 210-8 μm2 Hz-1. At small gate biases the 

noise level was typically below 10-8 μm2 Hz-1 in h-BN-G-h-BN HFETs. Figure 3.6 shows 
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parameter  dependence on the gate bias for two representative devices. On average, 1/f 

noise in our devices was suppressed by a factor of 5 – 10 as compared to that in non-

encapsulated graphene devices on Si/SiO2. This is a substantial reduction, which can have 

practical implications.   

 

Figure 3.6: Parameter = (SI/I
2)(WL), which defines 1/f noise level in 2D channels 

plotted as a function of gate bias for two representative devices. Note that the high values 

of the gate bias are used due to 300-nm thick SiO2 in the devices fabricated from the 

exfoliated materials.  

 

We now turn to explanation of a potential mechanism of noise reduction in encased 

graphene channel devices. It is generally accepted now that the low frequency 1/f noise can 

be either due to the number of charge carrier fluctuations or due to their mobility 

fluctuations or both. Depending on which term dominates one distinguishes the mobility 

fluctuation or the carrier number fluctuation mechanism of 1/f noise [116]. In Si and other 

metal-oxide-semiconductor field-effect transistors (MOSFETs) the carrier number 

fluctuations usually dominate and such type of the noise is well described by the 

McWhorter model [130]. The studies that investigate noise in graphene under irradiation 
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[7] and magnetic field [136] suggested that the mechanism of 1/f noise in graphene is more 

similar to the mobility fluctuations mechanism (like that in metals).  

 

Owing to graphene’s atomic thickness and the fact the mobility is limited by scattering 

from defects and impurities in SiO2 [137-141], the mobility fluctuations will be due to the 

fluctuations in the scattering cross-sections of defect states in SiO2 gate dielectric. For this 

reason, irrespective of the specific noise mechanism – carrier number or mobility 

fluctuations – screening electrons in graphene channel from the defect states in SiO2 by 

introducing h-BN barrier layer with the thickness of 30 nm should reduce the noise. This 

conclusion is consistent with reports that 1/f noise was reduced in the suspended graphene 

devices [121]. It is interesting to note that suspended graphene device reported in Ref. [121] 

had ~610-9 m2/Hz which is approximately the same noise level as in our encased 

graphene channel HFETs. While most of noise reduction is likely related to screening of 

the graphene channel from traps in SiO2 it is possible that capping graphene with h-BN 

also helps to reduce the noise. It has been shown that the environmental exposure and 

device ageing increase the level of 1/f noise in graphene devices [6, 120]. Organic residue 

and other contaminants on the surface can create either trapping centers for electrons in the 

channel (carrier number fluctuation noise) or scattering centers (mobility fluctuation 

noise).  
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3.5 Summary 

In conclusion, we investigated the low-frequency 1/f noise in the h-BN-graphene-h-BN 

HFETs on Si/SiO2 substrates. The heterostructure transistors had the RT mobility in the 

range from 30000 to 36000 cm2/Vs and operated in the near ballistic regime. It was 

established that 1/f noise in such device is suppressed by a factor of 5 – 10 as compared 

to that in non-encapsulated graphene devices on Si/SiO2. Considering that h-BN is 

chemically stable and produces strong positive effect on mobility in graphene channel, our 

finding that the h-BN capping and barrier layers result in significant reduction of 1/f noise 

adds an extra merit to practical electronic applications of graphene-based heterostructures.  
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Chapter 4 

Breakdown Current Density in BN-Capped 

Quasi-1D TaSe3 Metallic Nanowires: 

Prospects of Interconnect Applications 

 

4.1 Introduction 

Recently discovered unique electrical [9, 10], thermal [11, 12] and optical [13-15] 

properties of graphene have stimulated the search for other two-dimensional (2D) atomic 

crystals and heterostructures with properties distinct from the corresponding bulk materials 

[1, 6, 16-22]. A large number of the 2D materials belong to the family of transition metal 

chalcogenides that contain weak van der Waals bonding between the structural units [23, 

24]. Most research up to now has used the dichalcogenide compositions MX2 (where M = 

Mo, W, Ta and other transition metals; X = S, Se, Te), such as MoS2, TaSe2, TaS2. Another 

class of the transition metal chalcogenides the trichalcogenides - exhibits quasi-1D 

crystalline structures. The examples include TiS3, TaSe3, TaS3 and NbSe3 [142-145]. The 

crystal structure views of the monoclinic tantalum triselenide (TaSe3) in Fig. 4.1 (a) 

illustrate the main features of this material. Trigonal prismatic TaSe3 forms the continuous 
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chains that extend along the b axis, leading to fiber- or needle-like crystals with anisotropic 

metallic properties. These chains are arranged in the corrugated bilayer sheets indicated by 

the blue and yellow rows of prisms in Fig 4.1 (a). The van der Waals bonding between the 

sheets is weak, which allows the MX3 materials to be exfoliated by the same mechanical 

methods as the MX2 materials.  

 

A study of the current-carrying capacity of exfoliated MX3 materials is interesting from 

both fundamental science and practical applications points of view. A possibility of 

achieving very high breakdown current densities in quasi-1D metallic conductors may have 

implications for electronic industry. Indeed, continuous downscaling of the silicon (Si) 

complementary metal-oxide-semiconductor (CMOS) technology leads to increasing 

current densities in the copper (Cu) interconnects. According to the International 

Technology Roadmap for Semiconductors (ITRS), the present level of the current density, 

~1.8 MA/cm2 at the half-pitch width of 28.5 nm will increase to ~5.35 MA/cm2 at the width 

of 7 nm [146]. There is no existing technology with the breakdown current density, JB, high 

enough to sustain such currents. The ITRS projections indicate that the layer thicknesses 

will decrease from 57.0 nm currently in 2016 to 15.4 nm by 2028, while the interconnect 

cross-sectional area will scale down from 1624.5 nm2 to 107.8 nm2 over the same period 

of time. Scaling deep to the nanoscale range presents problems for conventional metals due 

to their polycrystalline structure, surface roughness and increased electrical resistivity 

owing to the electron–boundary scattering [147]. These factors motivate the search for 
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alternative materials, which can complement Cu in selected areas, e.g. ultimately 

downscaled local interconnects.  

 

In this Letter, we report results describing the current-carrying capacity of nanowires 

made from metallic TaSe3 capped with hexagonal boron nitride (h-BN). This work 

establishes that quasi-1D TaSe3 nanowires have the breakdown current density exceeding 

JB~10 MA/cm2, which is an order-of-magnitude larger than that in Cu nanowires with 

diffusion barriers. In view of the promising current-carrying capacity of such quasi-

1D/quasi-2D heterostructures and the possibility of ultimately downscaling their cross-

sectional areas, we discuss the prospects of using quasi-1D metals as interconnects.  

 

4.2 TaSe3 material preparation and characterization 

High-quality TaSe3 crystals were prepared by the chemical vapor transport (CVT) method 

using iodine (see Methods). The morphology, crystalline structure, and phase purity of 

these crystals were characterized by scanning electron microscopy (SEM), electron 

dispersive spectroscopy (EDS), powder X-ray diffraction (XRD), and electron probe 

micro analysis (EPMA). Fig. 4.1 (b) shows an SEM image of a representative fibrous 

TaSe3 crystal ~225 m wide and >10 mm long. The powder XRD pattern in Fig. 4.1 (d) 

matches literature data for standard monoclinic TaSe3 (P21/m) [31] , albeit several peaks 

(marked with *) exhibit enhanced intensity due to the preferred orientation of particles 

within the powdered sample. Furthermore, both EDS and EPMA analyses (Supplemental 
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Information) show that the stoichiometry of the CVT-grown crystals is consistent with 

TaSe3. 

 

Figure 4.1: (a) Crystal structure of monoclinic TaSe3, with alternating corrugated layers of 

TaSe3 colored blue and yellow. The top view shows the cross section of the unit cell, 

perpendicular to the chain axis (b axis), which highlights the van der Waals gaps within 

the material. The side view in the bottom panel emphasizes the 1D nature of TaSe3 chains 

along the b axis. (b) SEM image of a TaSe3 crystal used in this work. (c) HRTEM image 

of TaSe3 after solvent exfoliation. The inset shows the position of the observed (1 0 -1) 

lattice plane in the van der Waals gap. (d) Powder XRD pattern of TaSe3 crystals; the 

experimental data in black matches the reference pattern in blue (JCPDS 04-007-1143). 

The intensities of peaks marked with * are enhanced due to orientation effects. (e) Raman 

spectrum of TaSe3 threads under 633 nm laser excitation.    

 

The crystals were subjected to successive chemical and mechanical exfoliation. The 

chemical exfoliation involved the low-power ultrasonic baths resulting in the dispersions 

containing the TaSe3 "threads" of approximately 30 to 80 nm wide. Fig. 4.1 (c) shows a 

high-resolution transmission electron microscopy (HRTEM) image of a TaSe3 thread 

produced by exfoliation in ethanol. The clearly resolved lattice fringes with 0.808 nm 
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separation are consistent with the (1 0 -1) inter-planar distances of TaSe3. As illustrated 

in the Fig. 4.1 (c) inset, this plane occupies the van der Waals gap of the material, exactly 

between adjacent TaSe3 sheets. In addition, the HRTEM data shows no obvious structural 

defects. The electron diffraction patterns also confirm the crystallinity and orientation of 

the samples (see Supplementary Materials). 

 

Micro-Raman spectroscopy further confirmed the quality of the exfoliated TaSe3. The 

Raman measurements were performed in the backscattering configuration under λ = 633 

nm laser excitation. Fig. 4.1 (e) shows the Raman spectrum of a TaSe3 thread under small-

power excitation (P≤0.5 mW on the surface) in order to avoid local heating. Although the 

published Raman data for bulk TaSe3 are limited [148] we were able to identify the main 

Raman peaks. The spectrum displays seven characteristic peaks in the 100 cm-1 to 300 

cm-1 range that originate from the structure of the primitive monoclinic TaSe3 [145, 148, 

149]. The peaks at 140 cm-1, 164 cm-1, 214 cm-1 and 238 cm-1 are attributed to the out-of-

plane (A1g) modes whereas the peaks at 176 cm-1 and 185 cm-1 correspond to the B2/Ag 

vibrational modes, with B2 and Ag designating vibrational symmetry in the chain and 

crystal respectively [148]. The peak at 127 cm-1 corresponds to the shear (Bg-like) 

vibrational mode [148].  

 

The overall analysis of the Raman, HRTEM and diffraction data indicates that the 

exfoliated TaSe3 is single crystalline, as expected for the samples derived from the single 

crystalline CVT-grown material. Each TaSe3 thread consists of the quasi-1D atomic-scale 
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thread bundles based on the hierarchical structure of TaSe3. Importantly, this complex 

structure disfavors the formation of grain structures within the thread, in contrast to the 

situation for conventional metals like copper with the fcc structures [150-154]. This 

feature is an important factor in downscaling the interconnect wires to a few-nm lateral 

cross-sections.   

  

The TaSe3 threads produced by chemical exfoliation were thinned further by mechanical 

exfoliation in a fashion similar to that typically used for graphene and MX2 materials [9, 

83, 155]. These TaSe3 samples with very high aspect ratios were placed on the Si/SiO2 

substrates with pre-fabricated metal electrodes for a further characterization. Fig. 4.2 (a) 

shows a representative SEM image of a millimeter long TaSe3 nanowire with the lateral 

dimensions on the order of 50 nm placed on Ti/Au metal contacts. One can see in this 

image that the roughness of the metal contacts is larger than that of TaSe3 nanowire. The 

thickness and roughness of the resulting nanowires were accurately determined via atomic 

force microscopy (AFM). The AFM inspection was used to examine the location and 

nature of the breakdown points after reaching JB. Fig. 4.2 (b) shows an AFM image of the 

nanowire region with the current induced damage. This nanowire did not have h-BN 

capping. It is clearly visible that the nanowire consists of multiple parallel crystalline 

threads.  
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Figure 4.2: (a) SEM image of a long TaSe3 nanowire with the lateral dimensions on the 

order of 50 nm placed on top of the Ti/Au metal contacts. Note the much rougher surface 

of the conventional metal compared to the exfoliated TaSe3 nanowire. (b) Atomic force 

microscopy image of the breakdown point in the TaSe3 nanowire showing that the 

nanowires consist of multiple parallel crystalline threads. 
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In order to verify crystallinity and quality of nanowires along their entire length we 

performed the selective area electron diffraction (SAED) investigation of the nanowires 

along their length. Fig. 4.3 shows the diffraction patterns for five different locations 

confirming crystallinity and uniformity of the samples. The presence or absence of 

vacancies cannot be determined from the conducted characterization. A more refined 

quality assessment is reserved for future studies.     
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Figure 4.3: Selective area electron diffraction data for five various locations along the 

length of the TaSe3 nanowires confirming the crystallinity and uniformity of the sample.  
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4.3. Quasi-1D/quasi-2D TaSe3/h-BN nanowires: 

Device Fabrication 

The devices for testing the current-carrying capacity of the quasi-1D/quasi-2D TaSe3/h-

BN nanowire heterostructures were fabricated from the exfoliated TaSe3 with the lateral 

cross-sections in the range 10 nm × 30 nm to 250 nm × 500 nm. Although it was possible 

to exfoliate nanowires with smaller thicknesses and widths, the selected samples allowed 

for the fabrication of better-quality metal contacts. To protect the exfoliated TaSe3 

nanowires from oxidation, we used an h-BN capping layer positioned on top of the quasi-

1D channels. Capping MX2 and MX3 thin films with h-BN became the standard technique 

for fabricating high quality channels with Ohmic contacts. The protection with h-BN layer 

prevents oxidation and device degradation. We established that the uncapped devices did 

not have completely Ohmic characteristics and did not function as long as the capped 

devices. The capped TaSe3 nanowires were spin coated with the positive resist polymethyl 

methacrylate (PMMA) and heated two times. To expose the capped TaSe3 nanowires, the 

assembled structures were selectively etched with sulfur hexafluoride (SF6) gas on an 

inductively coupled plasma system (Oxford Plasmalab). The metal leads were deposited 

by the electron beam evaporation (Temescal BJD). We used different combinations of 

metals — 10 nm (Cr, Ti, Au, Pd) / 150 nm Au — in attempts to further improve the 

contacts. No major difference in performance with different metal contacts was observed. 

Fig. 4.4 (a) shows the schematic of the fabricated devices. Fig. 4.4 (b) presents an optical 

image of a representative device – prototype TaSe3 interconnect with h-BN capping layer.  
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Figure 4.4: (a) Schematic of the TaSe3/h-BN quasi-1D/quasi-2D nanowire heterostructures 

used for the I-V and breakdown current density testing. (b) Optical microscopy images of 

two fabricated h-BN capped TaSe3 nanowire samples. The pseudo colors are used for 

clarity. The metals tested for fabrication of Ohmic contacts included various combinations 

of thin layers of Cr, Ti, Au, Pd together with a thicker Au layer.  
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In our heterostructure design, h-BN, in addition to providing protection from oxidation, 

also facilitates heat dissipation from the quasi-1D channels owing to its high thermal 

conductivity, K [156-158]. There is significant discrepancy in the reported thermal data 

for h-BN bulk and thin films. The most commonly cited value is K≈600 W/mK along the 

basal plane at room temperature (RT) [158]. This is substantially higher than the values 

for typical TMCs with MX3 atomic composition, which are in the 3.5 – 30 W/mK range 

[159-162]. The SiO2 layer under TaSe3 is also thermally resistive with the thermal 

conductivity K = 0.5−1.4 W/mK at RT [163]. This is more than one hundred times smaller 

than that of Si, which has K = 145 W/mK in bulk form. For this reason, the h-BN capping 

layer in direct contact with TaSe3 and metal electrodes creates an effective heat escape 

channel. The reduction of the TaSe3 nanowire temperature should increase the breakdown 

current density by preventing electromigration or thermal breakdown.        

 

4.4 Quasi-1D/quasi-2D TaSe3/h-BN nanowires: 

Electrical Characteristics 

Together with the quasi-1D/quasi-2D TaSe3/h-BN heterostructures, we fabricated several 

devices without the h-BN capping. Some TaSe3 samples had a larger width in order to test 

possible differences in the quality of the metal contacts and JB values. The device 

structures for the transmission line measurements (TLM) of the contact resistances were 

also made. Overall, we tested about 50 devices to ensure reproducibility. The devices with 

h-BN capping had better Ohmic contacts. Fig. 4.5 (a-c) presents the low-field current-
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voltage characteristics (I-Vs), TLM resistance data and high-field I-Vs near the 

breakdown point, respectively. One can see from Fig. 4.5 (a) that the contacts are Ohmic. 

The contact resistance extracted from TLM data is 2RC=22 -m (see Fig. 4.5 (b)). The 

resistivity is 2.6 – 6.4×10-4 Ω-cm. This is consisted with the reported data for bulk TaSe3 

[145]. Figure 4.5 (c) shows the high-field I-Vs with the breakdown current density JB=32 

MA/cm2. In this specific device the breakdown was gradual with only one critical point.            
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Figure 4.5: (a) Low-field I-V characteristics of TaSe3/h-BN quasi-1D/quasi-2D nanowire 

hetero-structures indicating that the contacts are Ohmic. (b) Transmission line 

measurement resistance data. (c) High-field I-V characteristics showing the breakdown 

point. In this specific device the breakdown is gradual. The inset shows a SEM image of 

the TLM structure used in the low-field testing.    
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Table 4.1 presents a representative summary of the breakdown current densities in some 

of the tested devices. The devices listed in this Table had the channel length L in the range 

from 2 m to 13 m. The surface roughness of as fabricated (not subjected to polishing) 

TaSe3 channels determined via AFM inspection was in the range from ~0.2 nm to ~0.5 

nm. The main conclusion from these data is that JB values for quasi-1D TaSe3 nanowires 

capped with quasi-2D h-BN layers can exceed 10 MA/cm2. The measured JB=32 MA/cm2 

for a capped device with the thickness H=20 nm is a factor of 18 higher than that in state-

of-the-art Cu interconnect technology. The h-BN capped devices typically had higher JB. 

The uncapped TaSe3 device with JB=10 MA/cm2 had the smoothest surface with the 

roughness of ~0.2 nm. The increase in the width of TaSe3 channel (changed H/W ratio) or 

the use of different metals did not produce major differences in the current-carrying 

capacity of the nanowires.    

 

Table 4.1: Breakdown current density in TaSe3 nanowires and TaSe3 /h-BN 

heterostructures 

Sample Width  

(nm) 

Thickness 

(nm) 

Current Density 

(MA/cm2) 

Comments 

A1 110 20 32 BN capped 

A2 320 80 11 BN capped 

B1 75 34 10 No capping  

B2 75 62 4 No capping 

B3 75 40 6 BN Capped 

 

In approximately half of all devices we observed an unusual type of breakdown: an abrupt 

step-like decrease of the current (see Fig. 4.6 (a-b)). Since different metal contacts have 

been used, e.g. Cr/Au and pure Au, it is clear that the step-like breakdown is intrinsic to 
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the quasi-1D TaSe3 nanowires. We attributed this type of breakdown to the atomic thread 

bundle structure of the nanowires. The atomic threads break down one by one or group 

by group. The result is analogous to severing some of the conducting channels connected 

in parallel. After the first break, the current abruptly goes down, then starts increasing 

again with the increasing voltage until the next atomic thread or bundle breaks (see Fig. 

4.6 (a)). Interestingly, in a few devices, we observed the abrupt increase in the current 

after the first break, which cannot be explained by an increased voltage (see Fig. 4.6 (b)). 

This is likely related to reconnection of individual threads in the high current density 

regime. 
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Figure 4.6: (a) Current-voltage characteristics of a device with Cr/Au (10/150 nm) 

contacts. Note a step-like breakdown starting at JB =4×106 A/cm2. (b) Current-voltage 

characteristics of devices with pure Au contacts (150 nm) showing the step-like 

breakdowns at JB = 6.1×106 A/cm2
 (black), 5.7×106 A/cm2 (blue), and 6.3×106 A/cm2 (red). 

The observed step-like breakdown was attributed to the quasi-1D atomic thread crystal 

structure of the material. The inset shows a microscopy image of a representative h-BN 

capped TaSe3 nanowire device used in testing. The blue colored region in the image is h-

BN layer.  
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4.5 Quasi-1D/quasi-2D TaSe3/h-BN nanowires: 

Mechanism of the Breakdown 

Attempting to clarify the mechanism of the breakdown – thermal vs. electromigration – we 

conducted pulse measurements using a few devices with h-BN capping. The pulse 

characteristics were measured at RT using 10 s voltage pulses. The pulse shape is shown 

in Fig. 4.7 (a). The results of the measurements are provided in Fig. 4.7 (b). For 

comparison, the low-voltage DC characteristics for the same device are also shown. One 

can see that the slopes of the DC and pulse characteristics coincide. The pulse characteristic 

remains nearly liner up to the breakdown point. The electrical field at the breakdown point 

in the pulse regime is consistent with the one obtained in DC measurements. This fact 

together with coincidence of the pulse and DC characteristics suggest that self-heating does 

not play a major role in the breakdown. The electromigration induced breakdown can also 

explain possible reconnection of some individual threads at high current density regime 

observed in Figure 6 (b). One should note that the characteristic switching times in 

conventional CMOS transistors are on the order of ns to ps. Hence, the high current only 

last for about this time in the integrated circuit. Possibly, at very short pulses, the 

breakdown will not develop till even higher current density than the obtained values.                   



 

 66 

     

 

Figure 4.7: (a) Duration and shape of the pulses applied to the h-BN capped TaSe3 

nanowire devices. (b) Current-voltage characteristics of the devices measured in pulse 

regime. The linear section correspond to DC characteristics for the same device.   

 

These experiments have demonstrated the promise of quasi-1D TaSe3 in terms of 

breakdown current density. In order to assess the potential of the quasi-1D metals for 

interconnect applications, we compare our results with the estimated electrical resistivity 
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of Cu wires with nanometer-scale cross-sections. The electrical resistivity of Cu nanowires 

increases with the decreasing cross-section due to the electron scatterings on grains and 

nanowire boundaries. Using the Fuchs-Sondheimer model for the electron–nanowire 

surface scattering and the Mayadas-Shatzkes model for the electron–grain boundary 

scattering, the electrical resistivity of metallic nanowires can be written as [147, 164-167]: 

                              

    (1) 

where  is the bulk electrical resistivity, W is the nanowire width, H is the nanowire 

thickness, λ0 is the bulk electron mean free path (MFP), C = 1.2 is the constant for 

rectangular nanowire [167], p is the specularity parameter determining strength of the 

electron – nanowire surface scattering, , R is the reflectivity parameter 

of the electron – grain boundary scattering and dG is the average grain size. The first term 

in Eq. (1) describes the electron scattering on nanowire surface roughness while the second 

term corresponds to the electron scattering on grains. The values of the empirical 

parameters p and R change between 0 and 1. The specularity parameter p = 0 corresponds 

to the pure diffusive electron scattering on the nanowire surfaces with maximum resistance 

to the electron transport, while p = 1 corresponds to the pure specular scattering of electrons 

without adding any resistance to the electron transport. In this model, R = 1 corresponds to 

the strongest scattering of electrons on grains without reflection and R = 0 corresponds to 

the total electron reflection without scattering. 
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Fig. 4.8 shows the calculated electrical resistivity of Cu nanowires normalized to the bulk 

resistivity 0 as a function of the nanowire width W for the case H=W. The results are shown 

for a range of parameters p and R reasonable for Cu [147]. As one can see, the electrical 

resistivity of Cu nanowires with W<10 nm can increase by a factor of 50 to 300 compared 

to the bulk value. The resistivity increase by a factor of 100 makes it comparable with the 

values measured for quasi-1D TaSe3 in this work. Because the relevant material parameters 

for TaSe3 are not known, we cannot provide a direct comparison of resistivity scaling 

between Cu and TaSe3. However, it is reasonable to expect a slower increase in the 

resistivity of quasi-1D der Waals metals with decreasing cross-section area. In addition, 

since HRTEM and diffraction data indicate that the TaSe3 samples examined in this work 

are single crystalline rather than polycrystalline, the possibility of electron scattering on 

grain boundaries is eliminated (see Eq. (1)). The van der Waals nature of the bonds between 

the atomic threads should result in much smother boundaries than found in conventional 

metals.  
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Figure 4.8: Calculated electrical resistivity of Cu nanowires normalized to the bulk Cu 

resistivity as a function of the nanowire width W. The results are shown for a range of 

specularity parameters p, which defines electron scattering from nanowire surfaces and 

parameter R, which determines the electron scattering from grain boundaries. Note a strong 

increase in Cu resistivity as the lateral dimensions approach a few-nm range. The increase 

in TaSe3 resistivity is expected to be less drastic owing to the absence of grain boundaries 

(R0) and smother surfaces (p1).     

  

The electrical current breakdown in thin metallic films is typically of electromigration 

nature [49]. In some materials, such as carbon nanotubes or graphene, characterized by 

strong sp2 carbon bonds, the breakdown is thermally induced [50]. There are three types of 

diffusion processes caused by electromigration: bulk diffusion, grain boundary diffusion 

and surface diffusion. The grain boundary diffusion is the dominant process in aluminum 

interconnects whereas surface diffusion limits the breakdown current density in copper 
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interconnects. Since HRTEM and other material characterization studies confirmed the 

single crystal nature of our TaSe3 nanowires, one can rule out grain boundary diffusion as 

the failure mechanism. The dominance of the surface diffusion as the breakdown 

mechanism suggests that reducing the surface roughness of the nanowire, e.g. by chemical 

or mechanical polishing, can further increase JB. The microscopy inspection of the 

breakdown points indicate that they are not located at the TaSe3–metal contacts but rather 

distributed along the length of the nanowire. This means that the electron transport is 

diffusive rather than ballistic. Improving heat removal with the use of thermally conductive 

substrates, in addition to h-BN capping, can also benefit the current-carrying capacity of 

quasi-1D van der Waals metals.  

4.6 Summary 

In conclusion, we investigated the breakdown current density, JB, of TaSe3/h-BN quasi-

1D/quasi-2D nanowire heterostructures. It was established that quasi-1D TaSe3 nanowires 

have JB exceeding 10 MA/cm2 — an order-of-magnitude higher than that in Cu. The 

quasi-1D single crystal nature of TaSe3 results in the absence of grain boundaries, low 

surface roughness, and it potentially can allow for extreme downscaling to the few-nm 

range, enabling downscaled local interconnects. 

 

METHODS 

 

Material Preparation: TaSe3 was synthesized directly from the elements. Tantalum 

(12.0 mmol, STREM 99.98% purity) and selenium (35.9 mmol, STREM 99.99% purity) 



 

 71 

were first mixed together. Then iodine (~6.45 mg/cm3, J.T. Baker, 99.9% purity), 

followed by the tantalum + selenium mixture, was placed in a 17.78 x 1 cm fused quartz 

ampule (cleaned overnight in a nitric acid soak followed by 12 h anneal at 900 °C). The 

ampule was evacuated and backfilled with Ar three times while submerged in an 

acetonitrile/dry ice bath. After flame sealing, ampules were placed in a Carbolite EZS 

12/450B three-zone horizontal tube furnace heated at 20 °C min-1 to a final temperature 

gradient of 700 – 680 °C (hot zone – cool zone). The reaction was held at these 

temperatures for two weeks, then allowed to cool to room temperature. The TaSe3 crystals 

were removed from the ampule and any remaining I2 removed by sublimation under 

vacuum. Isolated yield of silver-black crystals was 90.8%. For chemical exfoliation, 6 mg 

of bulk powdered TaSe3 crystals were sonicated in 10 mL ethanol for several hours. This 

resulted in a brownish-black non-transparent mixture. The mixture was centrifuged at 

2600 rpm for 15 min to remove the larger particles. The remaining dispersed TaSe3 

threads were 30 to 80 nm wide.  
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Chapter 5 

Conclusions 

In this dissertation I reported results of the investigation of low-frequency 1/f noise in the 

boron nitride – graphene – boron nitride heterostructure field-effect transistors on Si/SiO2 

substrates. The device channel was implemented with a single layer graphene encased 

between two layers of hexagonal boron nitride. The heterostructure transistors had the RT 

mobility in the range from 30000 to 36000 cm2/Vs and operated in the near ballistic regime. 

It was established that 1/f noise in such device is suppressed by a factor of 5 – 10 as 

compared to that in non-encapsulated graphene devices on Si/SiO2. The physical 

mechanism of noise suppression was attributed to screening of the charge carriers in the 

channel from traps in SiO2 gate dielectric and surface defects. Considering that h-BN is 

chemically stable and produces strong positive effect on mobility in graphene channel, our 

finding that the h-BN capping and barrier layers result in significant reduction of 1/f noise 

adds an extra merit to practical electronic applications of graphene-based heterostructures.  

Also, I reported on the current-carrying capacity of the nanowires made from the quasi-1D 

van der Waals metal tantalum triselenide capped with quasi-2D boron nitride. The 

chemical vapor transport method followed by chemical and mechanical exfoliation was 

used to fabricate the mm-long TaSe3 wires with the lateral dimensions in the 20 to 70 nm 

range. The breakdown current density, JB, of TaSe3/h-BN quasi-1D/quasi-2D nanowire 

heterostructures was investigated. It was established that quasi-1D TaSe3 nanowires have 
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JB exceeding 10 MA/cm2 — an order-of-magnitude higher than that in Cu. Some devices 

exhibited an intriguing step-like breakdown, which can be explained by the atomic thread 

bundle structure of the nanowires. The quasi-1D single crystal nature of TaSe3 results in 

the absence of grain boundaries, low surface roughness, and it potentially can allow for 

extreme downscaling to the few-nm range, enabling downscaled local interconnects.  
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