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Semiconductor nanowires (NWs) and Fin structures are promising building blocks 

for next generation ultrascaled devices for electronic and optoelectronic applications. The 

detailed understanding of and control over the phase transformation that accompanies the 

formation of their compound contacts for lithography-free self-aligned gate design can 

accelerate the development of these ultra-scaled devices. Numerous aspects of nanoscale 

metallization technology were shown to exhibit significantly different behavior from their 
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bulk counterparts. And up to now, the majority of the studies that explored nanoscale 

contact metallurgy focused on nanostructures of elemental semiconductors, i.e., Si and Ge 

NWs, and detailed contact reactions have not been uncovered in III–V NW channels or 

heterostructured NW channels at atomic resolution.  

In the first and the major part of this thesis, I will focus on the narrow band gap, 

high electron mobility III−V semiconductor, InGaAs, motivated by its potential in sub-10 

nm metal-oxide-semiconductor field-effect transistors (MOSFETs). In chapter 2, we 

reported the first study on the solid-state reaction between Ni and In0.53Ga0.47As 

nanochannels to reveal the reaction kinetics, formed crystal structure, and interfacial 

properties. In chapter 3 and 4, we developed a deeper understanding of this contact 

metallization process by utilizing the in-situ heating transmission electron microscopy 

(TEM) technique, and observed at atomic resolution the detailed ledge formation and 

movement behaviors in both the NW cross-section and along the NW channel.  

In the second part, I will use the Ge/Si core/shell NW as a model system to talk 

about the compound contact formation in semiconductor heterostructures. In chapter 5, we 

managed to control the synchronous core/shell interface during the solid-state reactions 

between Ni and Ge/Si core/shell nanowires, and measured the strain evolution in ultra-short 

channels using in-situ TEM. These elevated compressive strains are expected to result in a 

non-homogeneous energy band structure in Ge/Si core/shell NWs below 10 nm and 

potentially benefit their transistor performance. 

Finally, as appearing in chapter 6, I will introduce the ongoing electrical 

measurements of contact resistance for InGaAs transistors, and adapt the solid-phase-
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regrowth method to future reduce the contact resistance with locally introduced dopants. I 

will also talk about the collaborated work in fabricating the AlGaN/GaN Fin MOS-HEMTs 

for intrinsically linear power amplification devices.   
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Chapter 1: Introduction 

 

Semiconductor nanowires[1-4] and Fins[5,6] are promising building blocks for next 

generation ultrascaled devices for electronic[7-9] and optoelectronic[10-12] applications. 

As these devices scale at a few nanometer regimes, their contact access resistance starts to 

limit their performance. Therefore, an important aspect for the development, maturity, and 

efficiency of these ultrascaled devices is the detailed understanding of and control over the 

phase transformation that accompanies the formation of their compound contacts for 

lithography-free self-aligned gate design.[13,14] The term of “compound” here refers to the 

formed phases that have a fixed stoichiometry between metal and semiconductor elements. 

This is to be distinguished from the broader term, “alloy,” that generally refers to phases 

that may include non-stoichiometric or amorphous structure. This distinction is important 

because the formation of a low resistance, crystalline and thermally stable compound 

metallic contact to a semiconductor channel is most preferred for realizing reliable 

functionality in ultrascaled semiconductor transistors. Usually, the phase of compound 

contact and its interfacial property with semiconductor nanowire (NW) can largely affect 

the band alignment and charge-injection in NW channels.[15] This necessitates a 

comprehensive understanding of the metal-semiconductor solid-state reactions, including 

the formed compound phases, reaction kinetics, and their correlation to the resulting device 

performances.  
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1.1 Phases of Metal-Semiconductor Compound Contacts 

The development of these high fidelity contacts should start with an understanding 

of the phases of the naturally or thermally formed metallic compound contacts at the metal-

semiconductor junction. Ideally, a crystalline compound with a low-resistivity phase is 

preferred as a contact to a NW transistor. It has also been noticed that atomically abrupt 

interfaces between metallic contacts and semiconductors can help reduce the surface Fermi-

level pinning and control the Schottky barrier height (SBH),[16] which is especially critical 

for small band-gap and covalently bonded semiconductors (e.g. Ge, III-V, etc.) that have 

small electronegativity difference and a generally low index of interface behavior[17] with 

high density of surface and metal-induced gap states. Moreover, the interfacial correlations 

(details of bonding and atomic sites at the interface) between the compound contact and the 

semiconductor nanowire channel can further tune the electrical characteristics by residual 

interfacial strains. We are motivated to understand the phases and interfacial relationships 

for those compound contacts to be able to control and lower the specific contact resistance 

in self-aligned contacts to III-V semiconductor nanoscale channels.   

Several precedent reviews[18-22] have extensively discussed the solid-state 

reactions between various metals and semiconductor NWs and it is beyond the scope of this 

thesis to cover all the compound contacts to NWs with different metal-semiconductor 

combinations. To this end, I will focus my discussions on few study cases that are of 

practical importance for integrated circuit applications and provide in-depth discussions on 

the phase selection rules in low-dimensional NW semiconductor channels.  
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1.1.1 Metal Silicide in Si Nanowires 

Metal silicides have long been used as the standard contacts to conventional Si 

CMOS devices, particularly due to two main attributes: (1) The electron and hole barrier 

heights are nearly symmetric so that excellent contacts could be achieved to both n-

MOSFETs and p-MOSFETs, respectively, using a single metal deposition and a single 

compound contact, and (2) the remaining un-reacted metal could be selectively etched 

leaving the reacted compound contact to be self-aligned to the gate without a lithographic 

step requirement. The semiconductor manufacturing lines witnessed the transition from 

TiSi2, to CoSi2, and to NiSi technology due to the considerations of contact resistance and 

dimensional scaling.[23,24] NiSi has demonstrated its superior properties to other 

candidates, such as reduced thermal budget, low resistivity, less Si consumption for ultra-

thin device layer, and controlled silicide formation by Ni diffusion.[25-27] Therefore, 

nickel silicide showed great promise to serve as a standard contact to Si NW transistors, 

and has been most widely studied. 

 In the nickel silicide reaction on thin film or bulk Si structures, δ-Ni2Si is the single 

phase that is formed at a low temperature of about 200 °C, and transforms to a NiSi phase 

at temperatures above 350 °C, and finally converts into a NiSi2 phase above 750 °C.[28] 

However, in Si NW channels, the phase sequences are dramatically different. As shown in 

Figure 1.1 (a), several phases exist simultaneously upon thermal annealing of Ni pad on 

top of a Si NW, including NiSi2 as the leading and interfacial phase in direct contact with 

the pristine Si NW, followed by θ-Ni2Si, δ-Ni2Si, and Ni31Si12.[29] This phase sequence is 

generally observed under a broad range of reaction temperatures, 300~650°C, with some 

minor differences (presence or absence) in some of the Ni-rich intermediate phases.[30-32] 
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The leading phase, NiSi2, has the same crystal family as pristine Si with very similar lattice 

constant, leading to nearly zero volume changes after NiSi2 phase formation.  This NiSi2 

phase grows on the low-energy Si (111) facets independent of the growth orientation of Si 

NW (as shown in Figure 1.1 (b)-(c)), and the interfacial correlation is NiSi2(111)||Si(111) 

and NiSi2[-110]||Si[-110] is applicable to the various studied orientations. Naturally, more 

Ni-rich silicide phases appear near the Ni contact pad/metal reservoir. It is worth noting 

that NiSi2 is the phase that is thermodynamically favored to form at high temperature when 

Ni reacts with planar thin film or bulk Si, and that θ-Ni2Si is stable above 825 °C according 

to the Ni/Si phase diagram. In the following part of this section, two questions will be 

addressed: (1) why are the phase sequences quite different in NWs than in bulk and planar 

films, and (2) can the phase sequences formed in Si NW be manipulated?  

To address these questions and to understand the coexistence of multiple phases 

(including high-temperature phases, NiSi2 and θ-Ni2Si) instead of expected NiSi phase at 

reaction temperatures of 300 ~ 650 °C, one need to consider the different thermodynamic 

treatments in two extremes of relative material abundance of the binary solid-state 

reactants. As we know, the driving force of silicide reaction is the total reduction of system 

Gibbs free energy: 

ΔGf = ΔH f −TΔSf        (1-1) 

Where ΔGf , ΔH f , and ΔSf  are the free energy, enthalpy, and entropy of 

formation, respectively at a given reaction temperature. 
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Figure 1.1. TEM images of nickel silicide formation in a Si NW.  (a) TEM image showing 
the phases that co-exist during solid-station reaction between Ni pad and Si NW at 425 °C. 
The inserted diffraction patterns (from left to right) represent Ni31Si12, δ-Ni2Si, and θ-Ni2Si 
phases with their zone axes of [120], [010], and [212] respectively. Scale bar is 400 nm. (b) 
and (c) TEM images with higher magnification at NiSi2 and Si interfaces. Despite the Si NW 
growth orientations of [112] or [111], the reaction front is on a Si (111) plane. Scale bars are 
20 nm and 50 nm respectively. Reproduced with permission from Ref [29]. Copyright 2012 
American Chemical Society. 
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Usually, the term −TΔSf  is negligible compared to ΔH f  for solid-state reactions at 

low temperatures, and therefore the system free energy is largely determined by the 

enthalpy term.[33] In the silicide reaction between Ni and Si bulk or thin film, Si is 

considered unlimited, and the Ni2Si has the smallest formation enthalpy (-141 kJ/mol) and 

therefore the largest driving force to nucleate at a low reaction temperature. While, NiSi2 

has the largest formation enthalpy (-2 kJ/mol) and hence the NiSi2 phase formation in thin 

film or bulk reactions is perceived as nucleation controlled, which can only occur at a 

temperature of above 750 °C. On the contrary, Ni is considered as an excess reservoir in the 

silicide reaction with NWs, and several phases, including NiSi2, Ni2Si, and Ni31Si12, have 

small enough enthalpies that allow the formation of multiple phases simultaneously during 

the silicide reaction. This also indicates that nucleation is no longer the limiting step in 

determining the leading phase of NiSi2, and kinetic competitive growth models suggest that 

the faster growth rate will separate the leading phase with the others.[34] At the same time, 

we should also consider the existence of θ-Ni2Si phase, which is a high temperature phase 

that is stable above 850 °C. In situ X-ray diffraction studies of Ni-Si substrate reaction 

show that θ-Ni2Si is a transient phase, which may appear at low temperatures but is later 

consumed by δ-Ni2Si phase with temperature increase,[35] which is in agreement with the 

observations made on the reaction of Ni with Si NWs.[29] Another experiment to test the 

stability of θ-Ni2Si phase suggests that high temperature formed θ-Ni2Si phase transformed 

into δ-Ni2Si and ε-Ni3Si2 during cooling down below 825 °C, while on the other hand, low 

temperature (460 °C) formed θ-Ni2Si phases didn’t decompose even during cooling down 

to room temperature.[36] These observations suggest that, although θ-Ni2Si is a high 
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temperature stable phase, it also retains a certain type of stability at low temperatures, likely 

due to high kinetic barriers for phase transformation.  

Our group has demonstrated that the primary reason for the formation of NiSi2 at 

low temperature is mass-transport limitation of Ni through the surface native oxide layer to 

the reaction-interface. As I will demonstrate later in Chapter II that treats the reaction 

kinetics and thermodynamics in metal compound reactions, the Ni diffusion is a surface 

rather than volume dominant process and that the presence of the oxide can impede such 

diffusion. In an experiment conducted by my colleague Wei Tang, he observed that the Ni 

supply could be limited by the presence of a native SiO2 layer on the Si surface (as 

demonstrated on planar Si layer and shown in Figure 1.2). It was found that under the 

thermal annealing at 300 °C the nickel silicide formed δ-Ni2Si phase if without a native 

SiO2 layer in between Ni and Si substrate (Figure 1.2 (b)), while the NiSi2 phase formed 

with the presence of a native SiO2 layer at the interface, due to the limited Ni supply and 

subsequently the formation of a Si-rich silicide phase. At temperature of 350 °C, three 

different silicide phases, including δ-Ni2Si, NiSi, and NiSi2, were observed underneath the 

native SiO2 covered Si surface, as shown in Figure 1.2 (c). This is because the diffusion of 

Ni atoms through the native SiO2 layer was facilitated at slightly higher temperatures and 

several silicide phases with different stoichiometric values could simultaneously form 

depending on the integrity of the native SiO2 layer at the Ni/Si contact interface. While 

increasing the annealing temperature to around 400 °C ~ 600 °C (Figure 1.2 (d)), NiSi was 

the only phase formed with and without the native SiO2 layer at the Ni/Si contact interface. 

Further increase of the annealing temperature to 800 °C and above would lead to only the 

NiSi2 phase.   
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Figure 1.2. Nickel silicide formation at different temperatures with limited Ni supply by the 
presence of a native SiO2 layer. (a) Schematics of an air-oxidized native oxide layer on part of 
the Si surface underneath the Ni contact. (b)-(d) The formed nickel silicide phase at different 
temperatures.   
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Many studies were carried out to control the phase formations in Si NW 

templates.[30,37,31,38,39,32] These studies were driven with the desire to eliminate the 

Ni-rich silicide phases (e.g. Ni31Si12) that generally have higher resistivity which 

compromises the series resistance in NW transistors. A dielectric shell (SiO2[30,37] or 

Al2O3[32]) coating can exert a compressive stress to the silicide core and suppress the 

formation of phases that have high volume expansion ratios. This has been attributed to the 

fact that high compressive stresses squeeze the interstitial sites through which Ni diffuses, 

increasing the activation barrier of Ni diffusion for volume-mediated diffusion. Another 

possibility based on the above discussions is that the presence of these oxides serves to 

retard Ni diffusion to the reaction interface. As shown in Figure 1.3 (a)-(d), an ALD Al2O3 

layer with a thickness of 22nm on a Si nanowire with a diameter of ~50nm can effectively 

exclude Ni31Si12 phase in the formed nickel silicide sequence. Importantly, the leading 

silicide phase in direct contact with pristine Si determines the SBH and consequently 

charge injection/extraction, and therefore a better control of the leading phases could 

potentially fulfill various device functionalities. Since coexistence of multiple nickel 

silicide phases in NW is thermodynamically preferred, the leading phase adjustment relies 

on the kinetic competitions.[31,39] It has been found that NiSi2 growth rate is limited by 

interfacial reactions, and remains constant at a given temperature despite of the NW size. 

On the contrary, θ-Ni2Si growth is diffusion limited and the diffusion rate can significantly 

increase in Si NWs with smaller diameter. At a high reaction temperature, where stable θ-

Ni2Si phase is favored, there exists in principle a transition diameter, below which θ-Ni2Si 

would be favored over NiSi2 as the leading phase. Chen and et al[31] derived this critical 

diameter of 234 nm, by extracting the diffusivity (D) of Ni in θ-Ni2Si and the reaction 
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constant (k) at NiSi2/Si interface and setting the average growth rates of these two phases to 

be equal. Figure 1.3 (e)-(g) demonstrate the feasibility of formation of θ-Ni2Si as leading 

phase in a small (33 nm in diameter) Si NW at reaction temperature of 800 °C.  

Thus far, the most preferred low-resistivity NiSi phase in bulk Ni-Si reaction was 

not yet observed in Ni-Si NW reaction, and was only reported in point contact reaction in 

Si NWs.[40,41] In order to manipulate the NiSi phase formation, Chen and et al[32] 

inserted a very thin layer of Pt in between Ni pad and Si NW, schematically shown in 

Figure 1.3 (h). Pt has a higher solubility in NiSi phase than that in NiSi2,[42] because the 

PtSi and NiSi share the same crystal structure with similar lattice constants and could 

potentially form a solid solution.[43] Therefore, Pt promotes the NiSi phase formation 

rather than NiSi2, and by combing the constraining dielectric shell (to suppress Ni-rich 

silicide phases), a single NiSi phase was experimentally observed as shown in Figure 1.3 

(i)-(j).  
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Figure 1.3. Manipulation of nickel silicide phases in Si NW templates.  (a) Schematic of 
reaction between Ni and Si NW with dielectric shell coating. (b)-(d) TEM images of nickel 
silicide growth in a Si NW with a thick (22 nm) Al2O3 shell at 800 °C for 30s. The leading 
phase is NiSi2, and the Ni31Si12 phase with highest volume change is suppressed. (e) 
Schematic of reaction between Ni and Si NW with small diameter at high temperature. (f)-(g) 
TEM images of nickel silicide growth in a thin (33nm) Si NW at 800 °C for 30s. The leading 
phase is θ-Ni2Si in this case. (h) Schematic of reaction between Ni and Si NW with a thin Pt 
interlayer. (i)-(j) TEM image and elemental mapping of nickel silicide growth in a ~ 70 nm Si 
NW with 5 nm Pt interlayer and a thick Al2O3 shell, at 450 °C for 2.5h. The leading phase and 
the only phase is NiSi. TEM images are reproduced with permission from Ref [31,32]. 
Copyright 2012, 2013 American Chemical Society. 
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1.1.2 Metal Germanide in Ge Nanowires 

Benefiting from the intrinsically higher hole-mobility, Ge NWs hold a great 

promise in PMOS devices, together with GeSi alloy[44] or Ge/Si core/shell[45] NWs. 

Similar to the case of Si, Ni is also the promising candidate for contact to p-type Ge, due to 

the small SBH and the ease of formation of NixGe compounds. By virtue of being a group-

IV semiconductor, Ge has the same diamond lattice structure as Si, and many similarities 

exist between metal-germanide reactions and metal-silicide ones. In this section, we will 

review the different behaviors of metal germanide phase formation in Ge NWs. 

Firstly, no conclusive phase sequences have been observed in Ni reacting with Ge 

NWs over a broad reaction temperature range, and different Ni germanide phases have been 

reported at different reaction temperatures. Dellas et al[46] carried out the solid-state 

reaction between a Ni pad and a Ge NW at the temperature range of 300 ~ 400 °C. The 

formed polycrystalline NixGe phase (shown in Figure 1.4 (a)) was found to match Ni2In 

prototype structure (hexagonal crystal structure) with the P63/mmc space group. They 

pointed that the stoichiometry of NixGe may deviate from x=2 due to vacancies on one of 

the Ni sub-lattices,[47] leading to similar lattice constants for several germanide phases 

(Ni2Ge, Ni5Ge3, Ni19Ge12, Ni17Ge12, and Ni3Ge2).[48] In comparison, their experimentally 

observed diffraction data was most consistent with Ni3Ge2 phase. They also reported that 

this germanide phase was independent of Ge NW growth orientations, and that further 

increase of reaction temperatures above 450 °C would lead to a decomposition and 

discontinuity in germanide segment, the reasons of which were not clear. Tang et al[49] 

reported the Ni germanide reaction in <111> Ge NWs at the temperature range of 400 ~ 

500 °C, and observed a single crystalline orthorhombic Ni2Ge phase (shown in Figure 1.4 
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(b)).  They found an abrupt interface between Ni2Ge and Ge NW, and the interfacial 

correlation was Ni2Ge (100)  || Ge (111) , and Ni2Ge [011]  || Ge [011] . At the reaction 

temperature of 650 °C, the same group reported cubic Ni3Ge phase (shown in Figure 1.4 

(c)) with same cubic structure to Ge.[21] Their observations have shown very similar lattice 

constant between Ni3Ge and Ge with only ~ 1.5% lattice mismatch, which was different 

from the conventional lattice constant for cubic Ni3Ge phase.[50,51] Similar to Si NWs, 

oxide confinement was also found to suppress the formation of Ni-rich germanide that had 

large volume expansions. An Al2O3 shell coating led to the formation of orthorhombic 

NiGe phase (shown in Figure 1.4 (d)) in adjacent to pristine Ge NW followed by Ni2Ge 

phase, at reaction temperature of 450 °C.  

Secondly, the nickel germanide reaction is usually accompanied with segregation of 

NixGe nanoparticles. Tang et al[21] found that the segregation of NixGe nanoparticles could 

be caused by two factors, the instable native oxide, GeOx, and the large lattice mismatch. 

As shown in Figure 1.4 (e), with elongated reaction time NixGe nanoparticles gradually 

formed at the surface of a germanide segment. When confined by the Al2O3 shell, Tang et 

al. have shown these segregated nanoparticles could be effectively suppressed, as shown in 

the NW cross-section in Figure 1.4 (f), except the bottom surface on substrate where the 

Al2O3 shell was not conformal. It’s worth noting that the germanide phase here with an 

Al2O3 shell confinement was found to be NiGe as validated in Figure 1.4 (g), and had a 

large lattice mismatch of 77.7% with the Ge interface. This large lattice mismatch is 

another contributor to the formation of segregated nanoparticles at the non-coated surface. 

One possible way to eliminate the segregation is to introduce a Ni point-contact on the Ge 

NW, benefiting from the smaller Ni flux through the limited contact area.[21] 
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Figure 1.4. Different NixGe/Ge NW interfaces at different reaction temperatures. (a) Ni3Ge2 
phase formed at 400°C for 2min anneal. Reprinted with permission from Ref [46]. Copyright 
2010 American Institute of Physics. (b) Ni2Ge phase formed at 500°C for 60s anneal. (c) 
Ni3Ge phase formed at 650°C. (d) NiGe phase formation at 450°C, with Al2O3 shell 
confinement. (e) Segregation of NixGe nanoparticles upon thermal anneals. (f) Cross-sectional 
TEM of germanide nanowire coated with Al2O3 shell. There are segregated nanoparticles 
underneath the nanowire, the region that is not covered by Al2O3. (g) HRTEM image of the 
germanide phase in (f), which is NiGe. (b)-(g) are reproduced with permission from Ref [21]. 
Copyright 2011 Jianshi Tang et al. 
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1.1.3 Metal and III-V Compound Contacts 

Continued progress in increasing transistor density incurs power-dissipation 

constraints in MOSFET scaling,[52] which may substantially elevate the packaging and 

cooling cost and make the chips impractical for many applications. One possible way to 

lower the power consumption is to reduce the operation voltage, which would in return 

compromise the logic gate switching speeds.[53] A possible solution is to introduce a 

channel material in which the charge carriers travel faster than in conventional Si channels, 

allowing a lower operation voltage without sacrificing device performances. Therefore, III-

V compound semiconductors, especially InxGa1-xAs (0≤x≤1), are regarded as potential 

replacement candidates due to their high electron mobility.[22]  

In order to take full advantages of the mobility enhancement, the contact 

requirements become very stringent for III-V transistors.[54] There are several general 

considerations for the metal contacts to III-V transistors. Since more than two elements are 

involved in the solid-state reactions between contact metal(s) and III-V compound 

semiconductors, fundamental studies become more difficult in these multi-compound 

reactions. Simultaneously, a technical concern arises for the instability of the compound 

contact to III-V materials under elevated thermal processes,[55] and therefore the electronic 

properties of compound contacts need to be carefully coordinated with the studies of their 

morphologies and phases. Despite the well-established contact theory in planar III-V 

channels,[55,56] only a few detailed studies have been carried out on compound contacts in 

III-V nanostructures. 
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Chueh et al.[57] were the first to demonstrate the fabrication of NixInAs compound 

contact in  vapor-liquid-solid (VLS) grown InAs NWs, by reacting Ni pad with <110> 

oriented InAs nanowires at 220 ~ 300 °C. The NixInAs/InAs heterojunctions showed an 

atomically abrupt interface, with the epitaxial relationship of NixInAs (110)  || InAs (110) , 

and NixInAs [001] || InAs [112]. Their EDS analysis gave a Ni:In:As atomic ratio of 

58:22:20, suggesting the ternary phase as Ni3InAs. Limited by the InAs NW growth 

orientation and the TEM viewing zone axes, details on the crystal structure and lattice 

constant of Ni3InAs phase were not reported. In their following studies, a Ni:In:As atomic 

ratio of 49:25:26 was found in the reaction of Ni with planar InAs,[58] and the Ni2InAs 

stoichiometry was also found in NW channels.[59]  

Later, Schusteritsch et al.[60] presented a first-principle calculation for the 

composition of this NixInAs compound contact. They used ab initio random structure 

searching (AIRSS) approach to determine the value of x, and found that the Ni3InAs phase 

has the lowest formation enthalpy among others (x=1~6). For the different possible crystal 

structures of Ni3InAs, their calculations showed that an orthorhombic structure with Pmmn 

space group gave the lowest formation energy, which was not observed in the limited 

experimental data.[61] The possible reason of the difference between first-principle 

simulation and experimental observations, as they also pointed out in the paper, can be 

deduced from our discussions in the Si NW section 5.2.1 above, as the phase selection is 

not only determined by thermodynamics but also by kinetic competition, volume 

expansion, lattice mismatch, etc. 
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In fact, the stoichiometry has long been an argument in NixGaAs compound contact 

to GaAs thin film structures.[62-66] NixGaAs was observed as hexagonal lattice system, 

adopting NiAs (B8) crystal structure, with the value of x ranging in principle from 2 to 4 

and the experimentally observed range to be within 2 to 3. As shown in Figure 1.5, Ni 

atoms occupy the corner sites (0, 0, 0) and the edge sites (0, 0, 1/2), forming the hexagonal 

frame. Ga and As atoms occupy the (1/3, 2/3, 3/4) site and (2/3, 1/3, 1/4) site respectively. 

There are still another two empty sites (1/3, 2/3, 1/4) and (2/3, 1/3, 3/4) that Ni can 

selectively occupy resulting in the possible stoichiometry of x from 2 to 4. Following 

experimental results presented in Chapter 2-4, we will show that stoichiometry of x=2 is the 

most commonly observed crystalline phase in In0.53Ga0.47As, as further squeezing of Ni in 

between the closely packed atoms becomes impractical.   

 

 

 
Figure 1.5. Lattice structure of NixGaAs. In principle, the stoichiometry can have a range of x 
= 2~4. The schematic shows Ni2GaAs, and extra Ni atoms can occupy one or both of the “!” 
sites to form Ni3GaAs or Ni4GaAs respectively. 
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1.2 Kinetics of the Solid-State Reaction Between Metal and Semiconductor 

Nanowires 

The implementation of metal-semiconductor compounds as standard contacts to 

NW field-effect transistors (FETs) urges understanding and control over the dynamic 

processes in this metal-semiconductor solid-state reaction beyond the knowledge of phases 

discussed in section 1.1. On one hand, the kinetics in NW reactions can be quite different 

from that in thin film or bulk reactions, where the surface-to-volume ratio is tremendous. 

Size-effects, defects, and stain-effects can all play a role – or become dominant effects – in 

these nanoscale reactions. One the other hand, a well-controlled kinetic process is a 

prerequisite for realizing tunable channel lengths and ultimately ultra-short channel devices. 

 

1.2.1 The Diffusion Paths of Metal Atoms: Through the Body or Surface 

Ni is the dominant diffusion species in this silicide reaction, and there are generally 

two diffusion paths: through the entire NW cross-section (volume diffusion) or through the 

few atomic layers at the surface of the NW (surface diffusion). Appenzeller et al[67] were 

among the first to discuss the kinetics of the Ni-Si NW reaction and to deduce the Ni 

diffusion path during the silicide formation process. They found a strong size effect on the 

silicide growth rate, and plotted the silicide length ( Lsilicide ) versus R−1  and R−2 . Based on 

their experimental observation that the Lsilicide ~ R
−2  plot passed the origin point, they 

deduced a Ni volume diffusion dominant kinetics, with the assumption that the amount of 

diffused Ni (measured by the volume of reacted Ni silicide segment Lsilicide ⋅πR
2 ) was 
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constant and that the silicide length should approach zero for infinitely large NW ( R−2 ≈ 0 ) 

under a short reaction time. Later, Katsman et al[68] argued that the extracted volume 

diffusion coefficient was much higher than realistic at the low reaction temperature of 280 

°C. They re-plotted the Appenzeller’s data with Lsilicide ~ R
−1/2  coordination following their 

own surface diffusion model, and fitted the plot with linear approximation. This fitted line 

didn’t pass through zero either, while they extrapolated this intercept as a transition 

diameter R0 , above which the interfacial diffusion (at silicide/Si interface) started to play a 

role.     

Besides the Ni diffusion paths, there are also other limiting steps for the reaction 

kinetics. Lu et al[40] studied the nickel silicide reaction in [111] oriented Si NWs by point 

contact with Ni NWs. The silicide phase found in this study was nickel-mono-silicide, 

NiSi, which exhibited a linear dependence of Lsilicide  with time, t , instead of the 

conventional Lsilicide ∝ t
1/2  dependence for a diffusion dominant process. The authors ruled 

out the phase growth on the silicide/Si interface as the rate-limiting step, as their observed 

epitaxial growth rate was much faster than the diffusion speed. Therefore, they concluded 

that this point contact reaction was limited by the rate Ni dissolution into Si NW at the 

contact interface. Dellas et al[69] investigated the silicide reaction at higher temperatures 

(400 ~ 500 °C), and found a NW orientation dependent reaction kinetics. They attribute this 

effect to the differences in dominant phase formed in different NW growth directions, and 

[111] oriented (or [112] oriented) NW had a linear Lsilicide ∝ t   (or hyperbolic Lsilicide ∝ t
1/2 ) 

kinetics due to the formed NiSi2 phase (or θ-Ni2Si phase). Chen et al[31] extended the 

discussions on kinetics of different silicide phases, and demonstrated the first phase 
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selection by kinetic competition for small NWs at a high reaction temperature (800 °C) as 

discussed in section 1.1.1.  

All these debated aspects for the metal-semiconductor compound contact formation 

starve for a standard model that can quickly determine the rate-limiting steps and guide the 

extrapolation of relevant parameters. In Chapter 2, we will provide a mono-compound 

phase model that depicts the kinetic steps involved in the metal-semiconductor reactions, 

and provide a case study of nickelide reaction in InGaAs NWs.  

 

1.2.2 Atomic Scale Dynamics: Ledge Nucleation and Movement 

The dynamic process during metal-semiconductor reaction is reflected by the ledge 

(a moving step-line of atoms at the growth interface) nucleation and movement at atomic 

scale. Generally, a ledge or a train of ledges form on the compound contact/semiconductor 

interface, and propagate through the entire cross-section of NWs. In-situ heating TEM 

technique provides the platform to observe these ledge (or called step) events with atomic 

resolutions.[70]  

In the study of CoSi2 formation in Si NWs, Chou et al[71] prepared the [111] 

oriented Si NWs with point contact of Co NWs, and annealed the sample inside TEM 

chamber at 800 °C with real-time video recordings. They observed repeating events of the 

nucleation and stepwise growth mode during the epitaxial CoSi2 phase formation, which 

has the same crystal structure and close lattice constant with pristine Si. Shown in Figure 

1.6 (a) – (d) are the HRTEM images near Si/CoSi2 interface, with the step movements 
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labeled on the figures. By recording these repeating nucleation and growth events, they 

plotted the CoSi2 atomic layers as a function of time in Figure 1.6 (e), and several 

information can be interpreted from this plot. First, the vertical lines in this plot represent 

the steps of newly formed CoSi2, and the height of each vertical transition is constantly that 

of one atomic layer of CoSi2 (111) plane, indicating the layer-by-layer growth nature of 

CoSi2 phase. Second, these vertical lines are not perfectly in parallel with y-axis but are 

sloped with a certain width that corresponds to the growth time of each CoSi2 atomic layer 

with the average value of ~ 0.17 s. Third, the horizontal segment in between vertical lines is 

the stagnation period before the nucleation of another step, which is called incubation time 

of nucleating a step. Taking into account the incubation time for nucleating every step, the 

average growth rate of CoSi2 along the axial direction is 0.0365 nm/s. The radial growth 

rate (step velocity) is about 135nm/s, calculated by the average step growth time and NW 

diameter, which is about 3700 times faster than the axial growth rate. This also indicates 

that interfacial reaction was not the rate-limiting step in this cobalt silicide growth. Fourth, 

the stair-step plot in Figure 1.6 (e) can be treated as the microcosmic view of a 

conventional Lsilicide ~ t  relationship (discussed in section 1.2.1), in which a linear 

dependence was found over a long reaction time. The authors attribute this linear time 

dependence to a Co source supply limited reaction. Moreover, each step of CoSi2 showed a 

homogeneous nucleation behavior in the center of Si NW atop the CoSi2/Si interface 

instead of the heterogeneous nucleation at the triple point of oxide shell, Si, and CoSi2.  
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Figure 1.6. (a) – (d) In situ HRTEM image sequences of growing CoSi2/Si epitaxial 
interfaces within a [111] oriented Si NW. (e) Plot of CoSi2 atomic layers as a function of time 
to show the nucleation time and growth time of each step. Reproduced with permission from 
Ref [71]. Copyright 2008 American Chemical Society. 

 

 
Figure 1.7. (a) – (b) HRTEM image and schematics of the CoSi2/Si epitaxial interfaces at the 
oxide/Si/ CoSi2 triple point. (c) – (d) In situ HRTEM image sequences of growing NiSi/Si 
epitaxial interfaces within a [111] oriented Si NW. Reproduced with permission from Ref 
[41]. Copyright 2009 American Chemical Society.  
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Though homogeneous nucleation was seldom expected in theory, the authors 

explained the nucleation behavior here that the energy of oxide/silicide interface is higher 

than that of oxide/Si interface reducing the nucleation frequency at the triple points. They 

provided further experimental evidence[41] in Figure 1.7 (a) – (b) that the steps slowed 

down as approaching the oxide/Si/CoSi2 triple points due to the high energy barrier. Their 

in-situ TEM study of Ni point contacted Si NW showed similar homogeneous nucleation of 

steps, as shown in Figure 1.7 (c) – (d). 

 

1.2.3 Modified Kinetic Process by Nanoscale Defects 

Through the discussions above on kinetics of the solid-state reactions between metal 

and pristine semiconductor NWs, we argued that several factors can potentially dominate 

the rate limiting steps of compound contact growth, such as NW sizes, surface oxide, 

reaction temperature and formed phases. In the following paragraphs, we will discuss 

another important factor that may modify the nucleation and growth behaviors of 

compound contacts in NW channels: defects. 

In advanced semiconductor technology nodes, defects are intentionally built into the 

device to tailor the stress in Si channel. The stress memorization technology[72] is one 

example that utilizes stacking faults to exert tensile strain in the channel by inducing 

missing planes in the source/drain regions. In other instances, defects can be unintentionally 

introduced to the S/D regions during dopant implantation and subsequent thermal activation 

anneal.[73] Therefore, understanding the interactions between metal-semiconductor 
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reactions and defects become important in controlling compound contact formation in 

defect-engineered nanochannels. 

My senior group member, Wei Tang, has previously investigated the nickelide 

silicide nucleation and growth in the presence of defects in Si NWs.[74] The Si NWs are 

grown at different conditions,[75] to intentionally introduce two types of defects: (1) twin 

boundary (TB) along the axial direction of the NW with a high growth rate/SiH4 partial 

pressure and (2) Si nanoparticles on the NW surface forming the grain boundary (GB) with 

high growth temperature. It has been found that the NiSi2 prefers the heterogeneous 

nucleation at the defect sites in order annihilate the high-energy interfaces. 

As shown in Figure 1.8, the NiSi2 phase grows on the Si (111) plane in a layer-by-

layer manner, and the growth fronts move asynchronously at two sides of the TB. The steps 

nucleate at the TB but never propagate across it, because the high energy-barrier of forming 

new NiSi2/NiSi2 TB prevents so. The lagging interface can catch up with the leading 

interface because the NiSi2/Si corner at TB is a preferable hetero-nucleation site, so on the 

average asynchronous step height does not grow significantly, given that Ni supply is 

equally available for both halves of the bi-crystal. With the presence of GBs on the NW 

surface as shown in Figure 1.9, the heterogeneous nucleation is further facilitated and the 

steps are found to start from the GB and propagate towards the TB, in both leading and 

lagging interfaces, indicating that the GB is more energetically preferred nucleation site.   
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Figure 1.8. (a) and (b) NiSi2 growth in Si NW with a TB. (c−f) and (g-j) HRTEM sequences 
showing the nucleation and propagation of NiSi2 steps at the leading interface and at the 
lagging interface, respectively. Scale bar is 10 nm for (a) and 3nm for all the rests. Reprinted 
with permission from Ref [74]. Copyright 2013 American Chemical Society. 

 

 

 
Figure 1.9. (a) NiSi2 growth in Si NW with TB running along its central axis and GBs present 
at its surface. (b) Zoom-in HRTEM image of a cluster of surface grains. (c−f) and (g-j) 
HRTEM sequences showing the nucleation and propagation of NiSi2 steps at the leading 
interface and at the lagging interface, respectively. Scale bar is 10 nm for (a) and 3nm for all 
the rests. Reprinted with permission from Ref [74]. Copyright 2013 American Chemical 
Society. 
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These observations are related to the effectiveness of nucleation barrier reductions 

in NiSi2 phase formation, and this reduction can be evaluated at the three possible 

heterogeneous nucleation sites: (1) TB (2) “corner”, and (3) surface GB, by calculating[74]: 

ΔGhetero
*

ΔGhomo
* = (π −θ )+ sinθ cosθ

π
      (1-2) 

where ΔGhetero
*  and ΔGhomo

*  are the heterogeneous and homogeneous nucleation 

barriers respectively. And θ  is the contact angle. The values of ΔGhetero
* ΔGhomo

*  can be 

calculated for TB, “corner”, and GB as 0.93, 0.90, and 0.83 respectively. This indeed 

proves that the nucleation is more preferred on GB, than “corner”, and than TB sites. 

 

1.3 Electrical Properties of Metal-Semiconductor Compound Contacts 

Thus far, we discussed the phases of the metal-semiconductor compound contacts 

and the kinetics during the solid-state reaction processes but the end goal of these 

metallurgical studies is to achieve a robust control over the electrical properties of the 

compound contacts and the resulting NW or Fin FETs performances. It has been found that 

the S/D series resistance increasingly becomes the limiting factor for integrating 

nanostructures into high-performance electronics and the dominant performance 

degradation component below 10nm node.[76] Therefore, understanding the electrical 

properties of the nanoscale electrical contacts, especially compound contacts, is a key step 

for fulfilling the leap from laboratory to real-world technology.[77] 
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1.3.1 Band-Alignment and Charge Injection 

The charge injection from metal-compound contacts into semiconductors is largely 

dominated by the band alignment at the contact-semiconductor interface. Due to the 

different contact geometry and size effects, NW transistors exhibit distinct band-alignment 

and charge-injection properties than their bulk counterparts.[77] Here, we will discuss 

several theoretical studies of the nanoscale contacts. 

For planar-geometry contacts (Figure 1.10 (a)), metal is deposited on the 

semiconductor surface followed by thermal anneal to form the compound interfacial layer. 

For nanoscale contacts, there are generally two categories: end-bonded contacts and side 

contacts.[77] The end-bonded contact (Figure 1.10 (b)) refers to the case that the metal or 

metallic contact has an abrupt interface with semiconductor in axial direction of 

nanochannels, in which atomic bonds form between the contact and the semiconductor. The 

compound formations in NW channels through metal diffusions as we discussed above all 

belong to this category. The side contact (Figure 1.10 (c)) refers to the metal embedded 

geometry in the NW radial direction. A simple deposition of metals on top of the NW is 

considered as in this category, in which a weak bond forms in between metal and NW. It 

has also been found that a metal that reacts with semiconductor at high temperature can 

readily form a thin layer of metal-semiconductor compound at the surface of NW upon 

deposition at room temperature, due to the latent heat during the condensation of metal-

vapor.[78] This also forms a side contact, but with strong bonds (atomic bonds) between 

compound contact and semiconductor.    
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In the planar-geometry contact,[79] the ideal model suggests that the electron SBH 

is given by: 

φb = Φ− χ         (1-4) 

where Φ  is the work function of metal compound contact, and χ  is the 

semiconductor electron affinity as illustrated in Figure 1.10 (d). The electrical charge flow 

across the contact-semiconductor interface equals the contact work function with 

semiconductor Fermi-level and causes the conduction and valence band-edge bending near 

the interface. This band-edge bending is associated with a depletion (or accumulation) of 

charge carriers. In the case of depletion, the width of this space-charge region is given by: 

W = 2εφb
Nq

        (1-5) 

where ε  is the dielectric constant of semiconductor, N is the dopant density, and q  

is the electron charge. In the presence of a Schottky barrier, the transport mechanisms are 

thermionic emission, tunneling through the barrier, and the electron-hole recombination in 

the depletion region. Usually, the electron-hole recombination current is much smaller than 

the other two, and the mixed thermally excited and tunneling current density can be 

expressed as:[80] 

Jt =
A*T
k

τ (E)
0

∞

∫ ⋅e−(E+qϕs )/kT dE × 1− e−qVf /kT⎡⎣ ⎤⎦    (1-6) 

where A* is the Richardson constant, k is the Boltzmann constant, T is temperature, 

and E is the conduction band edge energy. τ (E)  is the tunneling probability for carriers, Vf 
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is the applied forward bias, and qϕs  is the potential energy of the charge carriers relative to 

the Fermi level. And therefore the contact resistivity can be calculated as:[81] 

ρc =
∂J
∂V

⎛
⎝⎜

⎞
⎠⎟
−1

V=0

       (1-7) 

In the end-bonded contact, the depletion width was found to be larger than that in 

planar contact with the same doping density and SBH.[82] This is related to the rapid 

change in the dielectric constant dictating a strongly varying size-dependent fringing field 

in between the metal contact and the semiconductor NW surface. In small NWs, the strong 

fringing field makes the electric field lines near the contact interface incline to the ambient 

around the NW, causing a week electric field inside the NW. The reduced electric field 

screening in the small NWs results in larger depletion width, smaller tunneling current and 

consequently larger contact resistivity. Shown in Figure 1.11 are the simulation results of 

band-edge diagrams and contact resistivity changes versus NW radius, comparing the end-

bond contacts in NW (NW-3D contact and NW-1D contact) to planar-geometry 

contact.[82] It can be found that the contact resistivity of NW-1D contact is less vulnerable 

to change of NW size than that of NW-3D contact, indicating the advantages of forming 

metal-semiconductor compounds contacts inside the NW channels. In principle, high 

contact doping can reduce the depletion width and bring down the contact resistivity.  
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Figure 1.10. Schematics illustration for the energy band-edge alignment diagrams for (a, d) 
Planar-geometry contact, (b, e) end-bonded contact, and (c, f) side contact.  

 

 

 
Figure 1.11. Schematic illustrations of different contact geometries to NWs: (a) NW-3D 
metal contact, (b) NW-1D metal contact, and (c) planar contact. (d) Simulated energy band-
edge diagrams for different contact geometries. (e) Contact resistivity vs NW radius for 
different contact geometries at temperatures equal to 91 and 300 K, respectively. Reproduced 
with permission from Ref [82]. Copyright 2008 American Institute of Physics. 
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In the side contact, the band realignment due to charge transfer is weak due to the 

limited available depletion width in the NW cross-section. Theoretical studies[83] of the 

side contact to NW device suggested that the nanoscale dimension of the NWs prevents the 

energy band-edge from reaching their asymptotic value and instead presents only a weak 

band bending. Shown in the Figure 1.12 are the simulated results of band bending and 

contact resistance for a heavily doped Si NW (1×1019cm-3) with side contact. The results 

indicate that the conventional strategy of heavily doping the semiconductor to obtain 

Ohmic contacts breaks down as the NW diameter is reduced. A dramatical increase of 

contact resistance is expected for small NWs, as shown in Figure 1.12 (c). By modeling the 

density of states using 1-D equation in NW structures, the authors found that the quasi-1D 

system (NWs) requires almost 2 orders of magnitude larger density of pinning states 

compared with the bulk interface for the same effect of Fermi-level pinning, meaning that 

NWs are generally free of contact Fermi-level pinning for very small diameters. This in 

principle applies for end-bonded contacts as well. 
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Figure 1.12. Simulated energy band-edge bending across Si NWs (doping of 1×1019cm-3) 
with side contact for diameters of (a) 40nm and (b) 10 nm. (c) The normalized resistance as a 
function of NW diameter. Reprinted with permission from Ref [83]. Copyright 2006 
American Physical Society. 

 

 

 

 
Figure 1.13. NW resistance as a function of non-reacted semiconductor channel lengths. The 
contact resistance in Ge/Si core/shell NWs is extracted to be below 10 kΩ, which is much 
smaller than the typical resistance of the NW FET operating at maximum transconductance 
(histogram peaks at 100–150 kΩ). Reprinted with permission from Ref [84]. Copyright 2014 
American Chemical Society. 
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In experimental measurements, the contact resistance between the compound 

contact and the semiconductor is sometimes misinterpreted. This is because the 

conventional 4-probe technique can only contact resistance between metal/compound 

interface, but not the important compound/semiconductor interface. Transmission line 

measurement (TLM) is therefore a more preferred method, by patterning multiple metal 

pads with various spacing on a single NW channel followed by a short thermal annealing to 

form compound contact. An example is shown in Figure 1.13 for TLM results on Ge/Si 

core/shell NWs with patterned Ni pads.[84] The fabrication was conducted on a 50 nm 

thick SiNx membrane, so that after thermal annealing, the unreacted semiconductor NW 

segments can be precisely measured under TEM. As shown in Figure 1.13, the contact 

resistance between NiGexSiy and Ge/Si NW is below 10 kΩ, which is significantly smaller 

than typical resistance values of a NWFET device made on the same type of NWs and 

operating at maximum transconductance. This suggested that the contact resistance was 

negligible in these Ge/Si core/shell NWFET performance analysis and mobility extraction. 

 

1.3.2 Ultra-short channel devices 

Enhanced NW FET performance is enabled with ever-smaller channel lengths that 

can provide high on-current drives. The transistor channel length is usually defined by the 

metal gate width (in a gate-first self-aligned process) or the distance between its S/D 

electrodes, both of which requires expensive e-beam lithography tools or sophisticated 

photolithography techniques. The metal-semiconductor compound contact formation 

provides a lithography-free method to achieve ultra-short channel lengths in NW channels 
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with controlled metal-semiconductor reactions. Figure 1.14 summarizes the prominent 

researches that demonstrated ultra-short NW channels with two terminal contacts. The most 

commonly used way was to monitoring the metal-semiconductor NW reactions in situ 

inside a TEM or SEM chamber, and the ultra-short channels have been achieved in Si,[85] 

Ge,[86] and Ge/Si core/shell[20] NWs.  

Joule heating assisted nickel silicide reaction is shown in Figure 1.14 (d)-(e), with 

the channel length monitored by the current measurements across the NW.[87] During this 

process, voltage V1 and V2 were applied on the metal strip at one side of the NW, and the 

joule heat peaked at the strip center and induced the Ni diffusion into the Si NW. The 

voltage drop across the NW, equaling to (V1+V2)/2, introduced a current flow that was 

recorded to monitor the silicide reaction process. Silicide could also form at the other end 

of the Si NW by applying V1 and V2 on the opposite metal strip. Due to the Schottky 

barrier between silicide and Si, the recorded current through Si NW was low (dominated by 

thermionic emission) in long channels and increased slowly as channel length decreased. 

When the channel length was below 50nm, the device showed a dramatic current increase 

due to the carriers effectively tunneling through Schottky barrier. With carefully monitored 

channel current, an ultra-short channel length of 8nm was achieved.  
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Figure 1.14. (a) PtSi/Si/PtSi NW with Si length of 8nm. Reprinted with permission from Ref 
[85]. Copyright 2008 American Chemical Society. (b) ultra-short channel formed in Ge/Si 
core/shell NW. Reprinted with permission from Ref [20]. Copyright 2014 IOP Publishing. (c) 
Cu3Ge/Ge/Cu3Ge NW with Ge length of 15nm. Reprinted with permission from Ref [86]. 
Copyright 2009 American Chemical Society. (d) and (e) Joule-heating assisted nickel silicide 
formation in Si NW with ultra-short channel length of 8nm. Reproduced with permission 
from Ref [87]. Copyright 2011 American Chemical Society. (f) NiSi/Si/Si NW formed by 
anneal point-contacted Ni to Si NW. The channel strain was measured in those ultra-short 
channels. Reproduced with permission from Ref [40]. Copyright 2007 American Chemical 
Society.       
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To characterize the performance of the ultra-short channel device, my senior group 

members monitored the Ni-Si NW reactions in TEM chamber through in situ heating, until 

reaching a channel length of 17nm. Then, 10nm HfO2 was deposited on top as a gate 

dielectric, followed by the Ti gate deposition. The ultra-short channel device shows higher 

on-currents than those with longer channel lengths, but with higher off-state current too 

because of the much larger NW diameter compared with the channel length (Figure 1.15 

(b)), which enforced stronger short channel effects. The dependence of maximum 

transconductance, gm, versus the channel length, LG, is shown in Figure 1.15 (c), and the 

performance gain with down-scaled transistor channels starts to saturate below 100nm. This 

is because the Ni-silicide/Si SB contact resistance starts to dominate the on-state 

conduction at short channel lengths. Figure 1.15 (c) inset shows an energy band-edge 

diagram of a Si NW SB FET in the on-state with a large potential drop across the contact 

SB and comparatively much smaller effective carrier-driving potential drop along the 

channel. This suggests that the SB contact engineering is vital to best fulfill the advantages 

of short channel SB-FETs.  
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Figure 1.15. (a) TEM image of a Si NW FET device with 17 nm channel length. Scale bar is 1 µm. 
(c) Id–Vg characteristics of Si NW FETs with different channel lengths at Vd=−0.1V at linear (left y-
axis) and log (right y-axis) scales. Inset is a schematic of the ultra-short channel Si NW FET device. 
(d) Channel length-dependent device performance. Inset is the energy band-edge diagram of Si NW 
SBFET in on-state. Reproduced with permission from Ref [29]. Copyright 2012 American 
Chemical Society. 
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1.4 Conclusions 

In this chapter, we the discussed compound contacts to NW transistors that are 

formed by solid-state reactions between metal and semiconductor NWs. We introduced the 

observed phases of compound contacts formed in Si, and Ge NWs, the kinetic processes 

during these solid-state reactions, and their electrical characteristics. These comprehensive 

summaries demonstrate the promise of compound contacts in nanoscale electronics. At the 

same time, people are seriously trying to improve the contact to III-V devices, because 

engineers always want to integrate the high-mobility III-V transistors onto the current Si 

circuits. However, despite the contact studies on III-V bulk or thin film structures, seldom 

researches have been conducted in the NW for Fin channels. In the following chapters, I 

will introduce the contact studies in InGaAs NWs, especially the observations made in real 

time. 

Part of chapter 1 was invited for publication as a book chapter of Springer 

Publisher 2018. R. Chen, S. A. Dayeh. The dissertation author is the first author of this 

paper. 
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Chapter 2: Size and Orientation Effects on the Kinetics and Structure of 

Nickelide Contacts to InGaAs Fin Structures 

 

2.1 Introduction 

Advanced semiconductor devices that employ geometric scaling for performance 

enhancement encounter size effects, which emerge at nanometer scales, and crystal 

orientation effects that can dominate their physical properties and govern their 

performance.[1,2] As been discussed in chapter 1, an important aspect of ultra-scaled 

devices is the phase transformation that accompanies the formation of metal-semiconductor 

compound contacts to semiconductor channels which has critical fabrication and low 

resistance ohmic contact requirements.[3] These compound contacts are particularly 

important for new channel materials or materials with renewed interest in nanoscale 

architectures, such as Indium Gallium Arsenide (InGaAs)[4] in a Fin or nanowire 

geometry, which has been touted as a replacement channel material for sub-10 nm 

technology nodes.[5,6] The development of ultra-scaled InGaAs devices calls for a detailed 

investigation that can reveal the influence of crystal orientation and size effects on the 

kinetics of formation, phase, and structural characteristics of compound contacts to InGaAs 

Fin/nanowire channels.   

Compound contacts to III-V channels have been well studied for planar 

geometries.[7-10] Recent efforts fueled with the desire to develop a suitable self-aligned 

contact to III-V channels, analogous to saliside (self-aligned silicide) contacts to Si 

channels, have introduced the Ni-InGaAs compound contact, conventionally named as 
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Nickelide, as a serious candidate.[11,12] The nickelide contact has a number of attributes 

that satisfies the stringent requirements for S/D contact technology. First, the nickelide 

contact is reproducible and stable where the Ni and InGaAs reaction starts at ~ 230 °C, 

meeting a good thermal budget, and the formed phase is thermally stable between 350 °C 

and 450 °C.[13] During the formation of crystalline nickelide, Ni is found to be the 

diffusing species, which provides the feasibility to form metal contact to ultra-thin body 

devices with controlled Ni supply.[14] Second, the nickelide contact possesses a low 

specific contact resistance (4 × 10-8 Ω-cm2)[15] accompanied with a low sheet resistance 

(20-25 Ω/square)[16,17], and a low Schottky barrier height (SBH)[18-20] to the InGaAs 

channel. Third, the nickelide contact can be self-aligned to the S/D regions through the 

selective etching of excess Ni by concentrated HCl,[21] allowing ease of processing to 

achieve ultra-short nm scale channel lengths[22]. At nanoscale dimensions with Fin and 

nanowire architectures, the nickelide phase, the epitaxial relationship with InGaAs layer, 

and the kinetic and thermodynamic effects that are size and orientation dependent and are 

yet to be determined. 

 

2.2 Summary of Results 

This work focuses on nickelide phase formation in In0.53Ga0.47As Fin structures 

under the influence of a rapid thermal annealing (RTA) process. We observed a strong 

dependence of the morphology of the formed nickelide segments on the Fin orientation as 

well as the Fin width. Through systematic studies of different annealing times, 

temperatures, and Fin widths, we found that the nickelide contact growth behavior is 
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diffusion-limited and developed a Fin-specific kinetic competition model that strongly 

agrees with our experimental findings. As the Fin width increased, we observed a transition 

from a surface diffusion-limited growth to a volume diffusion-limited growth. We carried 

out detailed transmission electron microscopy (TEM) characterizations of the nickelide 

phase and interfacial crystalline relationship and developed a crystalline model that 

explains the uniaxial anisotropic volume expansion of the nickelide contacts observed in 

experiment. Further, we utilized the cross-sectional TEM images to determine the strain 

distribution in the channel and relate it to the energy band-edge profiles in the transport 

direction. These extensive kinetic and structural investigations provide a comprehensive 

framework to understand and control the formation of nickelide/InGaAs Fin contacts and 

may inspire new contact engineering opportunities to enhance transport in nickelide-

contacted InGaAs channels.  

 

2.3 Experiment 

2.3.1 Integration of InGaAs on insulator on Si 

Our studies started with a 50 nm In0.53Ga0.47As film on insulator on Si substrate that 

is accomplished with a novel solid-state wafer bonding approach that we developed in our 

laboratory as schematically illustrated in Figure 2.1.[23]  

A 50 nm undoped In0.53Ga0.47As film was MBE grown on (001) InP (by Intelligent 

Epitaxy Inc., Richardson, Texas). Firstly, 12 nm thick HfO2 layer was deposited by atomic 

layer deposition (ALD) on top of the In0.53Ga0.47As layer. This HfO2 layer can improve the 
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adhesion to the InGaAs surface and acts as an HF etch stop layer in subsequent processes. 

Then, a 200 nm thick SiO2 was grown on top of the HfO2 layer with a Trion plasma 

enhanced chemical-vapor-deposition (PECVD) system, followed by 20nm Ti and 100 nm 

Ni deposition using e-beam evaporation. This sample was then brought in contact with the 

oxide-free Si sample surface, and the bonding was achieved by applying pressure and 

thermal annealing at 400 °C for 10 min through a solid-state reaction between Ni atop the 

dielectric/InGaAs/InP stack and Si wafer to form NiSi. After the wafer bonding, the InP 

layer was first thinned down by lapping to ~ 100 mm, and then fully removed by selective 

wet etching with respect to InGaAs in HCl (3:1 diluted in DI H2O). This integration 

approach can eliminate the substrate influence (reaction) during thermally driven 

compound contact formation to III-V channels, and additionally provides a platform to 

complement and combine the high-performance III-V devices with low-cost Si circuitry 

underneath.  

 

2.3.2 Fabrication of Horizontal Lying InGaAs Fins 

The Fin structures are patterned on top of the In0.53Ga0.47As layer utilizing a 100kV 

e-beam writer (JEOL JBX-6300FS) with beam size ~ 10 nm. Negative e-beam resist, 

hydrogen silsesquioxane (HSQ XR-1541–004), was used as the etch mask for a Cl2/N2 

composite reactive ion etch (RIE)/inductive coupled plasma (ICP) etch of the In0.53Ga0.47As 

Fin channels. After the RIE/ICP etching step, HSQ atop the Fins is removed with three 

consecutive cycles of O2 plasma treatment followed by a short diluted HF dip, which also 

reduces the plasma-induced surface damage and smoothens the InGaAs surface. During this 
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surface conditioning process, the height of In0.53Ga0.47As Fin was found to reduce from 

50nm to 40nm. A 200 nm Ni film was then evaporated at the two ends of the Fin structures. 

The nickelide formation was controlled by RTA in the temperature range from 250 °C to 

300 °C.  

 

2.3.3 TEM samples preparation with focused ion beam (FIB) milling 

The surface topographical measurements were performed with an atomic force 

microscope (AFM, DI Veeco), and the crystal structure of nickelide phase was 

characterized by an FEI Tecnai F30 transmission electron microscope (TEM). Cross-

sectional lamellas across the Fin length and Fin cross-section were prepared with focused 

ion beam (FIB, FEI Nova 600) milling and Ar ion post cleaning (Fischione Model 1010 ion 

mill).  

During the TEM samples preparation (shown in Figure 2.2), a 500nm wide (limited 

by the positioning accuracy during FIB milling) In0.53Ga0.47As Fin was fabricated along 

[110] orientation. Ni pads were deposited at two ends to provide Ni source for nickelide 

formation. Extended Ni bars were used as an alignment marker for position-controlled FIB 

milling. Prior to FIB milling, 400nm SiO2 and 50nm Pt were deposited atop the sample to 

prevent damage of interested area under ion beams. The FIB and in-situ lift-out (INLO) 

process utilized here follow conventional procedures[24,25], in which a 30 dKeV Ga beam 

was used for rough milling and reduced voltage (5KeV) was used for fine milling. Samples 

were further cleaned with low angle Ar ion milling.  
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Figure 2.1. Schematic illustration of the fabrication procedure of In0.53Ga0.47As Fin channels 
on insulator on Si. 

 

 

 

Figure 2.2. SEM images showing the preparation procedure for cross-sectional TEM analysis 
using FIB and INLO. (a) A 500 nm In0.53Ga0.47As Fin structure with nickelide formation. The 
Ni bars at two ends were used as an alignment marker for position-controlled FIB milling 
along the channel direction. (b) The FIB cut lamella was transferred from home substrate to 
the copper TEM grid. TEM samples were prepared both along the Fin orientation (c) and 
perpendicular to the Fin orientation (d). 
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2.4 Results and Discussions 

2.4.1 Orientation-Dependent Nickelide Contact Morphologies 

Proper investigation of the Nickelide formation mandated the fabrication of the 

InGaAs Fins in fixed crystallographic orientations. During the wafer-bonding step, the (001) 

In0.53Ga0.47As /InP was aligned with (001) Si substrate along the cleavage edges that are 

<110> oriented. The Fin structures were then defined by EBL with <110> orientation 

parallel to the cleavage edge and <100> orientation rotated 45° with respect to the cleavage 

edge. These orientations were further validated by detailed TEM characterization, where 

the misalignment to these crystallographic orientations were within an upper limit of ± 1° 

for all investigated samples. For both orientations, the Fin heights were 40nm and Fin 

widths were varied from 30nm to 500nm, with 10nm increment for sub-100nm Fins and 

50nm for Fins with 100nm-500nm widths. Figure 2.3 (a) and (b) show scanning electron 

microscope (SEM) images of the Ni on In0.53Ga0.47As Fins subjected to an RTA treatment 

at 250 °C for 20 min for <110> and <100> orientations, respectively. It can be readily 

observed that the nickelide extension into the In0.53Ga0.47As channels is strongly dependent 

on the Fin width and that the nickelide and In0.53Ga0.47As segment widths are similar (no 

lateral nickelide volume expansion). In addition, the nickelide interface is flat for a <110> 

orientation, and is rough for <100> orientation. AFM topographical measurements shown 

in Figure 2.3 (c) and (d) show that the volume expansion is predominant in the vertical 

<001> direction normal to the substrate surface with a height increase from 40 nm in 

unreacted regions to around ~ 50 nm-56 nm in nickelide reacted regions. The rough 

nickelide-InGaAs Fin interface is clearly visible in the AFM topography in Figure 2.3 (d). 
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The origin of these dependencies will be further elucidated with the kinetic and structural 

characterization of nickelide reacted Fins.  

 

 

 

Figure 2.3. Nickelide formation in In0.53Ga0.47As Fin channels. (a)-(b) SEM images 
illustrating the size-dependent and orientation dependent morphologies for nickelide contacts 
with In0.53Ga0.47As Fin channels pre-defined in <110> and <100> orientations, respectively. 
Scale bars are 5 mm. (c)-(d) AFM topography plots of nickelide-InGaAs Fin channels. Scale 
bars are 2 mm. The brighter portions in the topography images are volume-expanded 
nickelide regions. The height profiles for nickelide segments (red) and non-reacted 
In0.53Ga0.47As segments (turquoise), corresponding to the color-marked line cuts, are shown 
below. The nickelide segments were found to have an increased height of 33% ± 5%. The 
height profiles don’t represent real aspect ratios of each Fin structure, as the units of two axes 
are different.  
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2.4.2 Size-Dependent Ni Surface-Diffusion Dominant Kinetic Process 

To delve into the details of the Ni and InGaAs reaction, we systematically studied 

the kinetics of nickelide formation as a function of time (2 min to 95 min) and Fin width 

(30nm - 500nm) – with a fixed Fin length of 3 mm – for <110> and <100> orientations. 

The measurements for nickelide lengths and widths were performed post RTA by SEM on 

10 Fin sets per single data point to attain average and standard deviation lengths. This 

procedure was performed multiple times on the same sample for different reaction times in 

order to avoid sample-to-sample variations. The time-dependent nickelide segment lengths 

are shown in Figure 2.4 (a) and (b), with three selected Fin widths and the reference planar 

film. In both <110> and <100> oriented Fins, the nickelide phase grew faster in narrower 

Fins and slowest in the planar film. Despite of the slightly larger deviation in measurements 

for 30nm Fin and at a fixed temperature of 250 °C, the nickelide length as a function of 

time, t, is well described by a hyperbolic (t1/2) dependence. This is further validated at three 

different temperatures (250 °C, 270 °C, and 300 °C) in Figure 2.4 (c) and (d), where the 

nickelide lengths versus t1/2 for the narrowest (30nm, Figure 2.4 (c)) and for the widest 

(500nm, Figure 2.4 (d)) displayed linear characteristics for both orientations with a slightly 

longer nickelide segments for <110> oriented Fins. This t1/2 dependence of nickelide 

growth is characteristic of Ni-diffusion limited growth and was previously observed in 

nickelide formation in InAs nanowires[26], in GaAs thin films[27], and in nickel 

silicidation in Si nanowires[28,29]. The insets of Figure 2.4 (a) and (b) demonstrate an 

incubation time that is also size dependent for In0.53Ga0.47As Fins and the absence of an 

incubation time for planar reference films indicating different diffusion paths for the two 

cases. Next, we will validate that the nickelide growth is surface-diffusion limited in 
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In0.53Ga0.47As Fins which should explain the faster incubation times for smaller Fins 

(surface collection area/growth cross-section increases as Fin width decreases) and that 

volume diffusion of Ni into the growth front in planar films should not encounter any 

significant incubation time. 

The top-down processed Fin structures in our studies present an ideal platform for 

studying compound metal contact formation with nanoscale channels at precisely defined 

widths and crystallographic orientations, in contrast to lesser control over such parameters 

in devices made on vapor-liquid-solid grown nanowires that have been subject to similar 

studies. For instance, depending on whether or not the Ni pads are in intimate contact with 

the Si nanowire surface, the kinetics of nickel silicide growth could be dominated by Ni 

source supply or by Ni diffusion along the silicide segments.[30] The size of nanowires was 

also found to influence the reaction kinetics, as the diffusion limited process takes over 

interfacial-reaction limited one in smaller nanowires at elevated temperatures.[31] Even in 

the Ni diffusion dominant kinetic process, debate still exists in whether Ni diffusion is 

primarily along the nanowire surface or through its body.[32,33] 
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Figure 2.4. Time-dependence of nickelide phase formation. (a) and (b) The length of 
nickelide segments versus annealing time at 250 °C for <110> and <100> Fin orientations, 
respectively. In both orientations, the data were well fitted with t1/2 dependencies. The insets 
display LNickelide(t) for short reaction times where the non-zero intercept indicates an 
incubation time that is also size dependent. (c) and (d) LNickelide(t1/2)  at three different 
temperatures for 30nm and 500nm Fin widths, respectively. In all cases, the nickelide 
segment is longer in the <110> orientation. 

  



	
  

 57 

 

 
Figure 2.5. A schematic illustration of the rate-limiting processes involved in nickelide 
formation in InGaAs Fin channel. F1 is the flux of Ni dissolved from the Ni reservoir to the 
Fin channel with an effective length, Lb, beneath the Ni pad. F2 represents the flux of Ni 
diffusing through the reacted nickelide segment. F3 is the flux of Ni that will react with fresh 
InGaAs at the nickelide/InGaAs interface. Due to volume expansion to the Fin channel, the 
height of InGaAs Fin increases from h to H after nickelide formation. Negligible lateral 
expansion was observed from AFM measurements, so the Fin width is fixed here as w. 

 

 

To shed light on the nickelide formation mechanism, we extended previous kinetic 

models for the reaction of Ni with Si nanowires[29,3] and took account for our Fin-specific 

rectangular structures and the incurred volume expansion in reacted regions. As shown in 

Figure 2.5, the mass transport of Ni atoms during the nickelide growth involves three 

steps: (1) Ni dissolution across the Ni/nickelide interface, (2) Ni diffusion along the formed 

nickelide segment, and (3) Ni and InGaAs reaction at the nickelide/InGaAs interface. The 

fluxes of Ni atoms in the above three processes can be expressed as: 

 (1-1) 

 (1-2)
 

 (1-3) 

F2 = −DNi
CL −C0
LNickelide(t)

⋅X X =
H ⋅w Volume Diffusion

2(H +w) ⋅δ Surface Diffusion

⎧
⎨
⎪

⎩⎪

F3 = kgrowth (CL −CNickelide/InGaAs
eq ) ⋅hw

F1 = kdissolve(CNi/Nickelide
eq −C0 ) ⋅(w + 2H ) ⋅Lb
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where  and  are the interfacial reaction rate constants for Ni dissolution 

into nickelide and for nickelide growth at the reaction front with InGaAs, respectively. At 

these two interfaces,  and  denote the equilibrium Ni concentrations. 

 and  are the equilibrium Ni concentrations inside the formed nickelide segment, at 

zero-length position and at a reacted-length position, . The flux of Ni atoms 

diffusing along the formed nickelide segment, F2, depends not only on the diffusion 

coefficient of Ni species, but also on the diffusion cross-section X. The diffusion cross-

section describes the diffusion path of Ni atoms, with  for volume (bulk-like) 

diffusion and  for surface diffusion, where  is the thickness of high-

diffusivity surface layer, taken conventionally to be one atomic layer high.   

By solving the steady-state equation, ,  is given by: 

                                          (1-4) 

The three terms in the denominator represent three rate-limiting mechanisms. In 

order to solve this equation, the mass conservation of Ni atoms should be considered as 

follows: 

                                                        (1-5) 

If these three rate-limiting mechanisms are separately considered, the solutions are 

given in Table 2.1 (detailed derivation in Appendix I). From Table 2.1, we can find that in 

both Ni source supply limit and the interfacial kinetic reaction limits, the length of 

kdissolve kgrowth

CNi/Nickelide
eq CNickelide/InGaAs

eq

C0 CL

LNickelide(t)

H ⋅w

2(H +w) ⋅δ δ

F1 = F2 = F3 = F F

F = CNi/Nickelide
eq −CNickelide/InGaAs

eq

1
kdissolve ⋅(w + 2H ) ⋅Lb

+ LNickelide(t)
DNi ⋅X

+ 1
kgrowth ⋅hw

Hw ⋅ dLNickelide(t)
dt

= F ⋅ MNickelide

NA ⋅ ρNickelide
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nickelide segment ( ) is linearly proportional to the annealing time , which 

contradicts the experimentally observed  dependence in Figure 2.4. This suggested that 

the nickelide growth witnessed here in InGaAs Fin channels is dominated by the diffusion 

step of Ni along the formed nickelide segment. Since the volume-diffusion limited growth 

doesn’t incur Fin geometrical terms in contrast to our observation of faster nickelide growth 

in narrower Fins (Figure 2.3), we conclude that Ni diffuses along the surface of the 

nickelide segment in the Fin channels, as precisely portrayed in the solution for surface-

diffusion limited growth dependence in Table 2.1. 

 

Table 2.1. Nickelide growth in InGaAs Fin channels for different rate-limiting steps 
according to equations (1-1) – (1-5). 

 
 

 

To further validate the surface-diffusion limited process, the length of the nickelide 

segment must follow a linear dependence as a function of  and was shown to 

be the case at 250 °C in Figure 2.6 for all annealing times (5, 15, 25, 45, 65, and 95 min) 

and for both Fin orientations. H here was fixed at 53nm, which was measured as the 

LNickelide t

t1/2

1/w +1/H
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average height of the reacted nickelide segment. However, for Fin widths larger than 

100nm in <110> orientation and Fin widths larger than 150nm in <100> orientation, a 

second slope with linear dependence was observed (Figure 2.6). The slope differences 

became more eminent across the two segments of linear fitting for annealing times longer 

than 25min suggesting that certain factors encumbered the nickelide growth in larger Fin 

widths that resulted in an overall slower growth than a purely surface-diffusion limited 

process.   

In order to better understand the kinetic process accompanying the nickelide 

formation for all Fin widths, the length of nickelide segment is plotted against both the time 

and geometrical factors in Figure 2.7. Accounting for both geometric and time 

dependencies, all experimentally measured data for different annealing times and at a single 

temperature can be linearly fitted for <110> (Figure 2.7 (a)) and <100> (Figure 2.7 (b)) 

orientations validating the surface-diffusion dominant kinetic process. The non-zero 

intercept with the x-axis indicates an average incubation behavior of all Fins with 250 °C 

thermal treatment. However, larger Fin nickelide lengths (left-side data points of each data 

set, color-labeled) fell below the linear trend, indicating a deviation from the surface-

diffusion limited model. Interestingly, these deflected data points gradually extend 

approaching nickelide lengths obtained from growth in In0.53Ga0.47As thin films (black 

squares in Figure 2.7 (a) and (b)). Since metal diffusion in crystalline thin films occurs via 

interstitial diffusion process (volume-like diffusion)[34], the behaviors of nickelide 

formation in larger Fins could be described as a gradual deviation from surface-dominant to 

volume-dominant diffusion limited growth process.  
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Figure 2.6. Width-dependence of nickelide phase formation. (a) and (b) The length of 
nickelide segments versus at 250 °C with two different Fin orientations, <110> and <100> 
respectively. In both orientations, linear fits with two slopes agree well with data measured 
for each annealing time. The different slopes become more eminent as the annealing time is 
larger than 25 min. The ‘corner’ points (deflection points in linear fits) correspond to Fin 
widths of ~ 100 nm for <110> oriented Fins, and ~ 150 nm for <100> oriented Fins. 
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The effective surface-diffusion coefficient with Fin-structure measurements, and 

volume-diffusion coefficient with thin-film measurements, were extracted from Figure 2.7 

(a) and (b) and summarized in Table 2.2. One can note from the equation of nickelide 

growth (Table 2.1) that the unit for effective surface-diffusion coefficient is cm3/s, which 

excludes the geometric factor, . For the surface-diffusion coefficients in 30 

nm Fins, the values are about one-order of magnitude higher than volume-diffusion 

coefficients. Moreover, when calculating the surface-diffusion coefficients with infinite Fin 

width (i.e. ), the values are still twice as large as those in planar 

films, validating a distinct Ni diffusion mechanism between Fin structures and thin films. 

The activation energies were then extracted by using the Arrhenius relationship, 

, for both Fin structures and planar films and in both <110> and <100> 

orientations (Figure 2.7 (c) - (f)), where Ea stands for the activation energy, k for 

Boltzmann’s constant, and T is the diffusion temperature. In planar In0.53Ga0.47As films, the 

calculated activation energy is about 10% larger than in In0.53Ga0.47As Fins.  

 

Table 2.2. Calculated effective surface-diffusion coefficients , excluding the 

geometric factor , and volume-diffusion coefficients , at three different 
temperatures. 

 

1/w +1/H

1/w +1/H → 1/H

D ∝ e−Ea /kT

DSurface

1/w +1/H DVolume
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Figure 2.7. Combined plots of nickelide segment length in relation to annealing time and Fin 
geometrical factors, and extracted kinetic parameters. (a) and (b)  versus 

 according to the surface-diffusion limited model, at three different growth 
temperatures and with Fin orientations of <110> and <100> respectively. The data points in 
black color are nickelide growth in In0.53Ga0.47As thin films, and they were normalized by the 
factor of  by considering the planar film has an infinite width ( ). The 
extracted effective surface-diffusion coefficients  were plotted in semi-logarithmic 

scale versus inverse temperature to calculate the activation energy of nickelide formation for 
(c) <110> and (d) <100> oriented In0.53Ga0.47As Fin channels. The extracted volume-diffusion 
coefficients  were plotted in semi-logarithmic scale versus inverse temperature to 
calculate the activation energy of nickelide formation for (e) <110> and (f) <100> oriented 
In0.53Ga0.47As thin films. In these plots, the units for  and  are nm3/s and nm2/s, 

respectively. 
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With the comprehensive analysis of the kinetics in nickelide formation in 

In0.53Ga0.47As Fin channels, a deep understanding of the crystalline structure of formed 

nickelide phases and their interfaces with InGaAs and resultant strains can have far-

reaching implications for device performance that utilize such compound contacts. The 

different crystal phases of compound or alloyed contacts can (1) alter the Schottcky barrier 

height and contact resistivity;[35-37] (2) strongly influence the reliability of contact 

properties,[38,39] and (3) induce strain during contact formation that significantly impact 

the  band structure and carrier mobility of the channel material.[40-42] The contact 

formation in nanoscale channels was proven to be different from that in planar 

devices[3,43,44,31,45] and can be more sensitive to local microstructures, such as 

crystalline defects[46] and gate-dielectric layer coatings[44,47].  

 

2.4.3 Crystalline Structure at the Nickelide/InGaAs Interface 

Here we carried out the structural analysis for nickelide phase in In0.53Ga0.47As Fin 

channels and their interfacial correlation. The TEM sample lamellas were prepared with 

conventional FIB milling with an in-situ lift-out (INLO) process[24] (as described in the 

experimental section), followed by post Ar-ion cleaning that was found essential to remove 

the FIB damaged surface[25] for clearer imaging. The FIB cut was performed on a 500nm 

<110> oriented Fin channel, which displayed a flat interface between nickelide and InGaAs 

segments. As shown in Figure 2.8 (a), the TEM lamellae of InGaAs was cut along the Fin 

channel, and the corresponding high resolution TEM (HRTEM) image is shown in Figure 

2.8 (b). The InGaAs phase with zinc blende (ZB) crystal structure was confirmed to be 
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In0.53Ga0.47As (epitaxially grown on InP) by measuring the lattice constant from fast Fourier 

transform (FFT) patterns of the HRTEM images.  

The HfO2 layer underneath the In0.53Ga0.47As was found to have monoclinic lattice 

structure after the thermal process of our wafer bonding at 400 °C. The poly-crystalline 

nature of this HfO2 layer didn't seem to induce strain in the In0.53Ga0.47As Fin channels, as 

no changes of lattice contact for In0.53Ga0.47As has been detected near the interface with 

HfO2, which is similar to the case of poly-crystalline HfO2 formed on Si[48] and GaAs[49]. 

In order to identify the unknown crystal structure of nickelide phase, the TEM lamellas 

were cut both along the Fin channel (Figure 2.8 (c)) and perpendicular to the Fin channel 

(Figure 2.8 (d)). The nickelide phase was identified as hexagonal Ni4InGaAs2 (the slightly 

stoichiometric difference between In and Ga is not denoted here), where the measured 

lattice constant agreed well with those reported for Ni reaction with (001) In0.53Ga0.47As 

film on InP wafer.[50,51] This Ni to As stoichiometric ratio (2:1) was also reported in 

previous studies of Ni reaction with bulk GaAs.[38,52] The measured lattice constants of 

In0.53Ga0.47As and Ni4InGaAs2 are summarized in Table 2.3, and the volume expansion 

after Ni4InGaAs2 phase formation based on mass conservation was calculated to be ~ 

34.2%. This estimated volume expansion agrees well with the height change demonstrated 

by AFM measurements (Figure 2.3 (c)-(d)) and further validates that the volume expansion 

is dominant in the vertical direction, the physical origin of which be discussed in detail next. 
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Figure 2.8. Crystal structure analysis of In0.53Ga0.47As and nickelide phases. (a) Schematic 
illustration of the relative positions of FIB cut lamellas for panels b, c, and d. (b) HRTEM 
image at the cross-section of the channel for In0.53Ga0.47As/HfO2 and corresponding FFT 
patterns. The In0.53Ga0.47As composition was confirmed by the lattice constant estimation 
from the FFT pattern, and the polycrystalline HfO2 was found to be monoclinic structure.  (c)-
(d) HRTEM images of nickelide phase with FIB cut lamellas (c) along Fin orientation and (b) 
perpendicular to the Fin orientation. The nickelide phase was identified as Ni4InGaAs2 with 
(0001) plane perpendicular to the Fin orientation. Scale bars are 2 nm for all HRTEM images, 
and 5 nm-1 for all FFT images.  
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Table 2.3. Summary of the measured lattice constants of In0.53Ga0.47As and Ni4InGaAs2. 

 

 

 

 

Figure 2.9. Cross-sectional TEM image of a [110] oriented Fin with nickelide formation. The 
FFT patterns were collected from different regions along the Fin structure. The nickelide FFT 
and In0.53Ga0.47As FFT are well aligned (details in Figure 2.10) at the interface. But away 
from the interface, there is a gradual rotation of the crystal structure to maintain an 
equilibrium [0001] nickelide axis parallel to the substrate surface. Scale bars are 200 nm for 
the TEM image and 5 nm-1 for all FFT patterns. 

 

 

material lattice structure literature 
value our experiment 

In0.53Ga0.47As Zinc Blende (ZB) a = 5.868 Å a = 5.88 ± 0.02 Å 

Ni4InGaAs2 Simple Hexagonal a = 3.96 Å 
c = 5.16 Å 

a = 3.93 ± 0.04 Å 
c = 5.10 ± 0.03 Å 
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Unlike multiple silicide phases coexisting during the Ni reaction with Si 

nanochannels, the nickelide segment exhibited a single composition during the Ni and 

InGaAs solid-state reaction, as shown in Figure 2.9. Interestingly, the nickelide crystal 

undergoes a gradual rotation of the Ni4InGaAs2 crystal from the reaction interface toward 

the Ni reservoir. At the nickelide/InGaAs interface, the Ni4InGaAs2 [0001] direction is 

aligned with the In0.53Ga0.47As [111] direction. Far away from the interface, the Ni4InGaAs2 

[0001] direction is parallel to the substrate surface and is in the same direction of the [011] 

Fin channel. The crystal rotation of Ni4InGaAs2 phase happens within about 200 nm near 

the nickelide/InGaAs interface, and undergoes a gradual change with defective crystallites 

(FFT pattern shows continuous arc for each diffraction spot rather than the paired sharp 

spots for twinned structures). Throughout the whole range of nickelide segment, the zone 

axis was fixed as , with Ni4InGaAs2  || In0.53Ga0.47As . Based on these 

observations, we speculate that the Ni4InGaAs2 phase growth starts with the energy 

preferred epitaxial planar interface of Ni4InGaAs2 (0001) || In0.53Ga0.47As (111) as is the 

case for zinc blende or wurtzite III-V semiconductor nanowire growth interfaces,[53-58] 

and as is reported for Ni reaction with (111) GaAs wafers where Ni2GaAs (0001) || GaAs 

(111) interfacial correlation was observed.[38,39]  During the continual nickelide formation 

in InGaAs Fin channels, the Ni4InGaAs2 away from the interface rotated due to energy-

minimization reasons as follows. The rotated Ni4InGaAs2 crystal away from the interface 

has its  plane as top surface, which is the preferred facet[59,54] for nanoscale 

semiconductors with hexagonal structure due to their low surface energy. Further, the [0001] 

growth axis perpendicular to the growth interface cannot be maintained in such orientation 

with respect to the In0.53Ga0.47As channel due to the pinned supply of Ni atoms on the 

[1210] [1210] [011]

(1010)



	
  

 69 

substrate surface (which is not possible to be normal to the slanted nickelide/InGaAs 

interface). The [0001] growth direction and  facet formation lead to the nickelide 

segment undergoing a post-growth crystal rotation. The slanted nickelide/InGaAs interfaces 

were observed in all the prepared TEM samples, and identical morphologies of interfaces 

were found when nickelide formed from both ends of the Fin channel. From Figure 2.10 

(c), we deduce that the nickelide phase growth follows a layer-by-layer growth sequence 

from the top surface towards the bottom, as indicated by the yellow arrows in Figure 2.10 

(c). This layer-by-layer growth mechanism, that is observed in experiment to be from top to 

bottom, leads to an outward volume expansion as observed in Figure 2.10 (a). These 

observations suggest that Ni diffusion along the free top surface is faster than that along the 

nickelide/HfO2, which leads to a protruded nickelide segment at the top of the 

In0.53Ga0.47As channel with respect to that near the HfO2 interface (see Figure 2.10 (c)).[60]  

  

(1010)
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Figure 2.10. TEM characterization and structural analysis of the Ni4InGaAs2/In0.53Ga0.47As 
interface. (a) TEM image of the crystalline structure at the interface. (b) EDX elemental 
mapping of Ni, In, Ga, and As near the interface. A false Ga signal appears in HfO2 due to the 
overlap of Ga (Kα) and Hf (Lβ) bands.  (c) HRTEM image at the position indicated in yellow 
square in (a) at the nickelide (dark contrast) InGaAs (bright contrast) interface. The yellow 
arrows indicate the layered growth of nickelide on a (111) plane of InGaAs from top surface 
toward interface with HfO2. Corresponding FFT diffraction patterns show that the (0001) 
plane of Ni4InGaAs2 lies in parallel with (111) plane of In0.53Ga0.47As. The diffraction spots 
along  direction (red line) have a slightly different distance than those along 111 
direction (green line), indicating the non-uniformity of the in-plane strain and out-of-plane 
strain. Scale bars are 2 nm for the HRTEM image, and 5 nm-1 for all FFT images. (d) 
Schematic illustration of the simple hexagonal lattice structure of Ni4InGaAs2 and the zinc 
blende structure of In0.53Ga0.47As. The In and Ga atoms share intermixable locations in the 
lattice based on their stoichiometric ratio. (e) Atomic stacking that schematically illustrate the 
crystal relationship between Ni4InGaAs2 and In0.53Ga0.47As. The (0001) Ni4InGaAs2 plane in 
parallel with In0.53Ga0.47As (111) plane at the interface, while the Ni4InGaAs2 (0001) plane in 
parallel with In0.53Ga0.47As (011) plane far away from the interface. This crystal rotation 
happens through the formation of a defective transition region. (f) The atomic arrangement in 
the interfacial plane, for Ni4InGaAs2 and In0.53Ga0.47As respectively. The hexagonal 
arrangement of As and In (or Ga) atoms are preserved after nickelide formation, with slight 
decrease of the distance between two As (or In, Ga) atoms. 
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The composition of nickelide phase was characterized with the energy-dispersive x-

ray (EDX) spectroscopy, and with the elemental mapping under scanning TEM (STEM) 

mode (Figure 2.10 (b)). Ni shows an abrupt composition change at the nickelide/InGaAs 

interface. HRTEM image of the interface (Figure 2.10 (c)) further validates the 

Ni4InGaAs2 (0001) || In0.53Ga0.47As (111) interface. Figure 2.10  (d)-(e) show the lattice 

structures for Ni4InGaAs2 and In0.53Ga0.47As, and their crystallographic interfacial 

relationship. The Ni4InGaAs2 (0001) and In0.53Ga0.47As (111) interfacial planes have 

hexagonal atomic arrangements of both As and In (or Ga) atoms for both phases, and that 

the distance between two As atoms in Ni4InGaAs2 is 5.6% smaller than that in 

In0.53Ga0.47As. This suggests that during the Ni reaction with In0.53Ga0.47As, the As and In 

(or Ga) atoms keep the close-packed (hexagonal) in-plane arrangement, however, along the 

Ni4InGaAs2 [0001] || In0.53Ga0.47As [111] direction, the bonds between As and In (or Ga) 

are broken and those atoms are separately encaged by Ni atoms. Due to the minimal 

changes of atomic distances in the interfacial plane, while large separation of atoms is 

necessary perpendicular to the interfacial plane, the volume expansion mainly happens in 

the vertical direction normal to the substrate rather than in the lateral direction of Fin 

channels, as experimentally observed in Figure 2.3. 

 

2.4.4 Strain-Induced Energy Band-Edge Structure Near the Interface 

We turn now our focus now to the in-plane ( ) and out-of-plane ( ) strains that 

have direct influence on the electronic properties of the InGaAs channel. The magnitude 

and spatial distribution of strain near the InGaAs/nickelide interface shown in Figure 2.11 

 ε! ε⊥
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(a)-(d) were obtained from HRTEM utilizing the geometrical phase analysis (GPA) tool[61] 

within the DigitalMicrograph™(Gatan) package. Figure 2.11 (a)-(d), the x-axis is selected 

to be along [111] direction, so the y-axis will be in parallel with the InGaAs (111) 

interfacial plane. Both of the two strain-tensor components of In0.53Ga0.47As,  and , 

exhibit negative values near the InGaAs/nickelide interface, indicating a quasi-hydrostatic 

compressive stress exerted to the In0.53Ga0.47As channel upon nickelide formation. This 

profile is also validated with another strain mapping, performed along the [011] channel 

direction. The measured inter-plane spacing along the In0.53Ga0.47As [111] direction from 

FFT patterns was used to calibrate the  by comparing these values with those measured 

far from the interface, and the inter-plane spacing along the [ ] direction was used to 

calibrate the . Both the  and  were measured in multiple locations, from top to 

bottom surface (with the averaged value shown as one data point in Figure 2.11 (e)), and 

from the nickelide/InGaAs interface deep into the In0.53Ga0.47As channel. The , 

introduced by volume expansion, shows a clear trend of relaxation when far from the 

interface. The , caused by lattice mismatch, exhibits several fluctuations before 

decreasing to zero. From the trend of , a compressive strain below 3% can be predicted at 

the nickelide/InGaAs interface. However, this value is smaller than 5.6% (the theoretical 

lattice mismatch between In0.53Ga0.47As and Ni4InGaAs2), which is likely to be relaxed by 

the saw-tooth like steps present at the nickelide/InGaAs interface and the three free surfaces 

of the In0.53Ga0.47As channel. Under compressive stress from both in-plane and out-of-plane 

directions, the band structure of In0.53Ga0.47As is significantly altered[62,63], and the strain-
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induced shift in band-edge energies can be calculated using well-known elastic theory that 

incorporates deformation potentials.[64]  

Figure 2.11 (f) shows the calculated band-edge energies as a function of distance 

from the nickelide/InGaAs interface (detailed calculations in Appendix II). The heavy hole 

(Ehh) and light hole (Elh) bands split under the compressive strain, with the Ehh slightly 

higher than Elh, which is different from the conventional cases of uniaxial and bi-axial 

stresses where band anti-crossing occurs. The  gradually increases from the relaxed 

center of the channel (0.75 eV) toward the strained interface, with a peak value of ~ 1.26 

eV at the interface. Such an increase of could lead to an increase in the electron effective 

mass and reduction of the injection velocities in ultra-scaled sub-10nm channels and may 

be detrimental for ohmic contact formation with InGaAs Fin channels due to the increased 

Schottcky barrier height (SBH) with a larger stress-induced bandgap of InGaAs. Possible 

strategies to mitigate these effects may include the development of heteroepitaxial 

layers[65] that exert tensile stresses on the Fins/nanowires to zero-balance the strain, and 

through contact engineering that can allow the formation/piling of higher In composition in 

InGaAs near the contact region to compensate the stress effects and to lower .   
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Figure 2.11. Strain induced band-edge shift in In0.53Ga0.47As Fin channels. (a) HRTEM image 
of a typical InGaAs/nickelide interface, with the In0.53Ga0.47As (111) || Ni4InGaAs2 (0001) 
interfacial plane perpendicular to the x direction. Scale bar is 10 nm. (b) The FFT pattern for 
In0.53Ga0.47As segment (left-side to the interface), and the highlighted two diffraction spots 
were used for strain mapping. (c) and (d) The mapping of two strain tensor components, εxx 
and εyy, respectively in In0.53Ga0.47As segment. (e) Out-of-plane and in-plane strains of 
In0.53Ga0.47As as a function of distance from the interface. Those values were calculated by 
comparing the inter-plane spacing from FFT diffraction patterns (as illustrated in Figure S10, 
supporting information) with the unstrained one. (f) The calculated band-edge energies as a 
function of distance along x-axis based on elastic theory that incorporates deformation 
potentials obtained from local-density-functional theory.[64] The estimated bandgap of 
In0.53Ga0.47As near the InGaAs/nickelide interface is ~ 1.26 eV in this case. 
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2.5 Conclusions 

In summary, this chapter presents the detailed study of solid-state reaction between 

metal (Ni) and ternary III-V semiconductor (In0.53Ga0.47As) nanochannels. Upon nickelide 

formation, the Fin channel showed a 33% ± 5% height increase with negligible lateral 

expansion with a flatter interface for <110> oriented Fins compared to <100> ones. 

Characterization of the nickelide segment lengths as a function of time, temperature and 

geometrical factors of InGaAs Fin channels, revealed a size-dependent Ni surface diffusion 

dominant process during the nickelide formation in InGaAs Fin channels that gradually 

departs to volume diffusion as the Fin width increases. Detailed structural analysis 

identified the nickelide phase as Ni4InGaAs2, with Ni4InGaAs2  || In0.53Ga0.47As 

 and Ni4InGaAs2 (0001) || In0.53Ga0.47As (111), with a peculiar rotation of Ni4InGaAs2 

[0001] axis away from the nickelide/InGaAs interface. The nickelide formation led to both 

in-plane and out-of-plane compressive strains on the Fin channels that opened up the 

InGaAs energy band-gap. We believe that these detailed timely observations are likely to 

benefit the development of self-aligned compound contacts to future electronic devices and 

inspire new compound contacts and device architectures that can enhance their 

performance.   

Most of chapter 2 was published in Nano Letters 2015. R. Chen, S. A. Dayeh. The 

dissertation author is the first author of this paper. 
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Chapter 3: Atomic Scale Dynamics of Contact Formation in the Cross-

section of InGaAs Nanowire Channels 

 

3.1 Introduction 

As been discussed in chapter 1, the advent of semiconductor nanowires evoked 

reevaluation of the thermodynamics,[1] kinetics,[2,3] and phases[4,5] in nanoscale metal-

semiconductor reactions, which deviate significantly from the behaviors exhibited by their 

planar counterparts. These efforts captured the evolution of the reaction along the axis of 

the nanoscale channel,[6-8] but the early stage of the reaction under the metal contact in the 

radial direction of the nanowire’s cross-section is critical and has not been studied until 

now. From a materials perspective, the early stage of the reaction can govern the channel’s 

final phases and crystalline orientations once the reaction extends into the horizontal 

segment (forming an end-bond-contact geometry), and can be largely affected by local 

defects[9] or interfacial properties. From an engineering perspective, the early stage 

reaction facilitates a side-contact geometry in nanowire devices that is more desirable for 

self-aligned technology than an end-bond-contact geometry. These issues demand a 

detailed understanding of the early stage reaction along the nanowire’s cross-section.  
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3.2 Summary of Results 

In this chapter, we will talk about the dynamics of the solid-state reaction between 

metal (Ni) and semiconductor (In0.53Ga0.47As), along the cross-section of nanowires that are 

15 nm in width. Unlike planar structures where crystalline nickelide readily forms at 

conventional, low alloying temperatures, nanowires exhibit a solid-state amorphization step 

that can undergo a crystal regrowth step at elevated temperatures. In this study, we also 

capture the layer-by-layer reaction mechanism and growth rate anisotropy using in situ 

transmission electron microscopy (TEM). Our kinetic model depicts this new, in-plane 

contact formation which could pave the way for engineered nanoscale transistors. 

 

3.3 Experiment 

3.3.1 Fabricating InGaAs Nanowires and Preparing TEM Lamellae 

In this work, a 50nm-thin undoped In0.53Ga0.47As film (MBE grown on (001) InP by 

Intelligent Epitaxy Inc., Richardson, Texas) was first transferred on insulator on Si 

substrate with a solid-state wafer bonding process that has been discussed in section 2.3.1. 

After the transfer, the stacking layers from top to bottom were 50nm In0.53Ga0.47As, 15nm 

HfO2, 200nm SiO2, NiSix bonding layer (average thickness of ~ 200nm), and 500µm Si 

substrate. Secondly, the InGaAs layer was thinned down to ~ 20nm with 15 cycles of 

digital etching that is alternative oxidation with O2 plasma treatment (30W 3min), and 

oxide striping with diluted HCl solution (1:20 diluted in DI, dip for 2min). Thirdly, 20nm 

wide horizontal-lying nanowire structures were patterned on top of the In0.53Ga0.47As layer 
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utilizing a 100 kV e-beam writer (JEOL JBX-6300FS) with beam size ~ 8nm. Negative e-

beam resist, hydrogen silsesquioxane (HSQ FOx-16), was used as the etch mask for Ar-ion 

milling (Intlvac) to form the In0.53Ga0.47As nanowire channels. Ar-ion milling was chosen 

here instead of a chemical dry etch in order to achieve a straight nanowire sidewall. After 

the Ar-ion milling step, HSQ atop the nanowires was removed with three consecutive 

cycles of O2 plasma treatment and a short diluted HF dip, which also reduced the etch-

induced surface damage and smoothened the InGaAs surface. This resulted in a nanowire 

channel cross-section with a squared shape, with an edge width of ~ 15nm. Finally, a 

100nm Ni film was deposited onto two types of nanowire samples that were prepared with 

different surface treatments: (i) a thin layer of In0.53Ga0.47As surface oxide was intentionally 

introduced with O2 plasma treatment (30W 3min) before Ni deposition, and (ii) the 

In0.53Ga0.47As was dipped in diluted HCl solution and immediately loaded into electron-

beam evaporator to prevent the formation of a native oxide layer.  

To compare the interfacial properties of those two types of specimens after Ni 

deposition, another set of samples was prepared on a planar InGaAs film with identical 

interfacial treatments. As shown in Figure 3.1, both type (i) specimen (Figure 3.1 (a)-(c)) 

and type (ii) specimen (Figure 3.1 (d)-(f)) showed uniform interfaces over long range. 

With the interfacial oxide layer, the element Ni and InGaAs were separated sharply, while 

Ni and InGaAs were readily intermixed upon deposition at room temperature for the 

sample without the interfacial oxide layer. This can also be observed from elemental line-

scans (Figure 3.1 (g)-(h)) where the type (i) specimen had a sharp change of composition 

from Ni to InGaAs at the interface, and where the type (ii) specimen had a more graded 

change of composition from Ni to InGaAs. Inside the intermixing region, the Ni element 
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maintained a relatively smaller change in composition than that in the InGaAs film. This 

intermixing nickelide layer that is present for specimens without a interfacial oxide layer 

was caused by the latent heat during Ni condensation from vapor phase into solid phase as 

will be discussed in more detail in Appendix III. 

TEM specimens in this work were prepared by FIB milling on the samples of 

InGaAs nanowire on insulator on Si substrate, with the method that has been discussed in 

section 2.3.3.  
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Figure 3.1. Comparison of interfacial structures for two types of specimens on InGaAs thin 
film. (a)-(c) TEM, HRTEM, and EDS mapping of type (i) specimen at the interface between 
Ni and InGaAs film. The light contrast layer at the interface, i.e. InGaAs surface oxide layer, 
has a uniform thickness of 2.02 ± 0.09 nm. The EDS mapping of four elements show the 
sharp interface between Ni and InGaAs, indicating that the interfacial oxide layer effectively 
prevents the intermixing of Ni and InGaAs. (d)-(f) TEM, HRTEM, and EDS mapping of type 
(ii) specimen at the interface between Ni and InGaAs film. The amorphous layer at the 
interface, i.e. Ni and InGaAs intermixing layer, has a uniform thickness of 3.80 ± 0.31 nm. 
The EDS mapping of four elements show the clear evidence of intermixing between Ni and 
InGaAs at the interface. (g)-(h) the EDS line-scan across the interface of type (i) and type (ii) 
specimens, respectively. Ni and As elemental counts are normalized according to their 
averaged top flats.  
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3.3.2 Transferring the Specimen Lamellae on Top of the Thermal E-chips 

The process to transfer FIB lamellae onto the TEM window of a thermal E-chip 

(AHA chip, Protochips Inc.) was shown in Figure 3.2, second row. The TEM window was 

made of conductive ceramic with many manmade circular holes for e-beam transparency. 

We intentionally drilled a larger rectangular hold for better imaging of our FIB lamellae for 

the HRTEM video recording of the reaction dynamics. We also deposited two 3 µm tall Pt 

posts on the edge of the opening region (shown in Figure 3.2 step 5) to hold the transferred 

FIB lamellae. These two Pt posts not only helped maintaining the flatness of specimen 

lamellae during transfer, but also facilitated further thinning and cleaning steps by lifting up 

the lamellae from the surface of ceramic membrane. Finally, the transferred specimen 

lamellae was further thinned with FIB with reduced voltage and current (10 kV, 0.1 nA), 

until the lamellae reached a thickness ~ 60nm. 

 

 
Figure 3.2. Sequences in FIB processes. SEM images show the fabrication sequences to 
transfer the FIB cut lamellae from the home substrate onto the TEM membrane window of a 
thermal E-chipTM. All the scale bars are 5µm, except the one labeled separately in step 5.  
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3.3.3 Performing the in situ TEM Experiments  

We used the FEI Tecnai F30 TEM and AduroTM 300 double-tilt heating stage 

(Protochips Inc.) to perform the in-situ heating experiments in this work. We operated TEM 

at 300 kV with at the minimum electron dose that could still maintain clear imaging at 

highest magnification (× 1M). The electron beam was never focused on the area of interest 

in order to minimize possible damage induced by electron beam. Digital video sequences 

were recorded at 3 frames/s, as the dynamic processes were slowed by well-chosen reaction 

temperatures. HRTEM images were extracted from the video frames, and processed using 

the software package DigitalMicrograph where diffraction spots were masked and then 

inversed to enhance the image clarity. The compatible AHA thermal E-chipsTM (SiNx 

membranes, from Protochips Inc.) served as the heating platform for our experiments, on 

top of which a conductive ceramic membrane provided resistive heating and thermocouple 

feedback temperatures to the controller. Temperatures in this paper were given by the 

readings on the controller with company-provided temperature calibration files for each 

thermal E-chip, and through comparison of reaction rates and morphologies with 

experiments performed ex-situ where temperatures were measured using a thermocouple. 

We used a 1°C/s ramping rate during the heating experiments, and the stage stabilized 

within 2min after reaching the desired temperatures. Figure 3.3 (a)-(b) shows the in-situ 

heating stage and the compatible thermal E-chipTM that has a thin membrane window for 

placing our specimen. Temperatures are controlled by resistive heating and are 

continuously measured on-chip with a thermocouple. Samples that have Ni contacts on 

In0.53Ga0.47As nanowires were fabricated on a separate substrate and transferred on top of 
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the membrane window of a thermal E-chip by focused-ion-beam (FIB) milling via the lift-

out procedure.  

 

 

 

 

Figure 3.3. In-situ heating TEM platform (a)-(b) photographs of the Protochips 
AduroTM heating stage and its compatible thermal E-chipTM, respectively. Four probes 
on the heating stage contacts the metal leads on the thermal E-chip to introduce 
resistive heating and to read out temperatures. (c) SEM image of the FIB milled 
specimen lamellae transferred horizontally onto the TEM membrane of the thermal E-
chip. (d) TEM image showing an overview of the specimen lamellae and the labeled 
locations of nanowire cross-sections. 
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3.4 Results and Discussions 

3.4.1 Low-Temperature Solid-State Amorphization Process  

In the first set of in-situ heating experiments, we chose a specimen that had a thin 

(1~2 nm) surface oxide layer in between the Ni contact and In0.53Ga0.47As nanowire 

(Figure 3.4 (a)). This was to prevent the intermixing[10] between Ni and In0.53Ga0.47As 

nanowire upon Ni deposition (as discussed in section 3.3.1). The as-fabricated 

In0.53Ga0.47As nanowire had a square cross-section with an edge width of ~ 15 nm. At 

temperatures above 180 °C, Ni diffused through the interfacial oxide layer and reacted with 

the In0.53Ga0.47As nanowire cross-section to form an amorphous nickelide 

(NixIn0.53Ga0.47As) phase. This is significantly different from the planar case, as the 

temperature at which the reaction started was reduced by ~ 50 °C and the nickelide phase 

was amorphous rather than the crystalline Ni2In0.53Ga0.47As that is usually obtained at or 

above 230 °C. 

To capture the details of this solid-state amorphization process, we recorded the 

atomic-resolution sequence at 180 °C (Figure 3.4 (b)). At the onset of the reaction, the Ni 

diffused through the interfacial oxide layer and along the surface of In0.53Ga0.47As 

nanowire, quickly forming an amorphous nickelide shell of uniform thickness. Then, the 

nickelide shell grew evenly along the top and side surfaces of the nanowire (Figure 3.4 (b), 

t=4 min), even in regions without intimate contact between Ni and the nanowire sidewall 

(due to shadowing effects in the metal deposition process). The growth of the surface 

nickelide shell indicated that surface-diffusion of Ni atoms along the outer few atomic 

layers of the In0.53Ga0.47As nanowire is much faster than the volume-diffusion rate when Ni 
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diffuses further into the nanowire cross-section.[11] Following this shell formation (Figure 

3.4 (b), t=8min), the nickelide reaction continued along the bottom region of the nanowire 

that sits on HfO2, and then extended across the width of the nanowire isolating the 

crystalline In0.53Ga0.47As core from the HfO2 substrate (Figure 3.4 (b), t=12 min) by an 

intermediate amorphous nickelide region. This process led to the formation of an isotropic 

nickelide shell surrounding the entire InGaAs nanowire circumference. At this point the 

(110) sidewall facets start to disappear by developing multiple {111}-type facets while the 

top facet remains (001), indicating a faster reaction rate on {110} compared to {111} and 

{001} surfaces. This process created a stepped interface (Figure 3.5) that was gradually 

eliminated by {111} facets resulting in a rhomboidal core of crystalline In0.53Ga0.47As 

(Figure 3.4 (b), t= 24 min).  
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Figure 3.4. (a) schematic of Ni contacting with a In0.53Ga0.47As nanowire cross-section that 
sits on the HfO2 dielectric layer. A thin red layer indicates the intentionally introduced 
In0.53Ga0.47As surface oxide layer before Ni deposition. (b) HRTEM sequences during the in-
situ heating experiment at 180 °C. During this process, Ni diffuses through the interfacial 
oxide layer, reacts with the In0.53Ga0.47As nanowire channel, and results in an amorphous 
nickelide phase. The nanowire cross-section, started with straight sidewalls, became initially 
rounded and gradually developed facets with a diamond shape. (c) fast Fourier transform 
(FFT) image of the corresponding nanowire cross-section, showing the diffraction pattern 
along the  zone axis (projecting direction in TEM). The developed facets in (b) 
correspond to the {111} type of facets for In0.53Ga0.47As lattice that has a typical zinc blende 
structure.   
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3.4.2 Ledge Formation and Movement Mechanisms in the Nanowire Cross-Sections  

The details of the facet evolution and ledge movement are revealed in the still 

images of the high-resolution TEM recording (Figure 3.5 (a)) with much shorter time 

intervals in the time range of 12 min to 16 min shown in Fig. 1f. We observed layer-by-

layer Ni reactions on {111} facets with ledge movements that can be characterized by one 

of the following mechanisms: 1) a step height that eliminates one In0.53Ga0.47As atomic 

bilayer[12] along a single <112> direction (labeled ① in Figure 3.5 (a) and shown in the 

schematic of Figure 3.5 (c)), 2) a step height that eliminates one atomic bilayer but with the 

reaction proceeding from both sides of the bilayer in two opposite <112> directions 

(labeled ② in Figure 3.5 (a) and shown in the schematic of Figure 3.5 (d)), 3) the merging 

of two ledges, each with a single-bilayer step height, into a single ledge with a double-

bilayer step height (labeled ③ in Figure 3.5 (a) and shown in the schematic of Figure 3.5 

(e)) that moves simultaneously after merging, or 4) the split of a double-bilayer step height 

into two ledges with single-bilayer step heights (labeled ④ in Figure 3.5 (a) and shown in 

the schematic of Figure 3.5 (f)) that moves independently after splitting. These 

observations imply that there was no shear stress during this nickelide reaction in our 

current device geometry because a fixed step height of three or more atomic bilayers is 

necessary in order to compensate for the shear stress during phase transformations,[13] 

which was not observed in our experiments. Therefore, we believe that these four possible 

scenarios of ledge movement are general to the Ni/III-V nanowire reaction. We emphasize 

that Figure 3.5 not only correlates the nature of ledge movements to the crystal structures 
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in the nanowire cross-section, but also tracks the time-resolved amorphization reaction in 

III-V materials at atomic resolution.   

The general behavior of the phase transformation in the nanowire cross-section that 

is exhibited in Figure 3.5 is valid with or without the presence of the interfacial oxide. The 

direct deposition of metal on a compound semiconductor surface leads to the formation of 

an intermixing layer due to the latent heat when the metal atoms condense from the vapor 

phase to the solid phase.[10] Irrespective of the deposition process (electron beam 

evaporation or sputtering), we determined that prior to the in-situ heating experiments, our 

devices exhibited a Ni-In0.53Ga0.47As intermixing surface layer for those that did not have a 

surface oxide layer (Figure 3.6 (a)). Ion-beam irradiation intermixing during TEM sample 

preparation was tested and excluded as being a cause for this behavior (see Appendix III). 

We observed that before the in-situ heating experiment started, the In0.53Ga0.47As core had a 

rounded top and sidewall surfaces (Figure 3.6 (b), t=0) due to the formation of the 

intermixing layer. When heated to 180 °C, Ni diffused through the existing intermixing 

layer, along the rounded surface of crystalline In0.53Ga0.47As, and reacted at the interface 

between In0.53Ga0.47As and HfO2 at the bottom of the nanowire, making the In0.53Ga0.47As 

core even more rounded (Figure 3.6 (b), t=3 min). As the reaction progressed, many small 

facets were clearly observed at 6 min, and gradually developed into several {111} type of 

facets at 9 min. Eventually, the crystalline In0.53Ga0.47As core became rhomboidal shape 

after 13 min, very similar to that of Figure 3.3 (b) with the only difference being the 

relatively lower spatial position of the rhombus due to the initial intermixing layer.  
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Figure 3.5. Ledge Formation and movement mechanisms at atomic resolution. (a) HRTEM 
sequences showing the evolution of {110} sidewall facet into multiple {111} type facets, 
through the layer-by-layer nickelide reactions. Red stars “★” label the identical atoms in each 
figure. (b) reconstructed InxGa1-xAs lattice structure with the same orientation as the nanowire 
cross-section. (c)-(f) proposed mechanism of ledge movement on  plane along  or 

 directions. The ledge can move with a step height of one InxGa1-xAs bilayer, from one 
side (c) or two opposite sides (d) corresponding to the labeled cases of ① and ② in (a). The 
ledge can also move with a step height of two InxGa1-xAs bilayers together (e) and can 
separate into two single bilayers afterwards (f) which corresponds to the labeled cases of ③ 

and ④ in (a).              
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Figure 3.6. Influence of nickelide intermixing layer. (a) schematic of Ni contacting with a 
In0.53Ga0.47As nanowire cross-section without the introduced oxide interface. An amorphous 
intermixing layer readily forms upon Ni deposition. (b) high-resolution TEM sequences 
during the in-situ heating at 180 °C. The non-intermixed In0.53Ga0.47As cross-section, started 
with rounded structure and gradually developed multiple small facets/steps as highlighted by 
the yellow lines for t=6min onwards, finally forming an equilateral rhombus-like region.       
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3.4.3 Modeling the Formation of Radial Contact Alloys 

In order to better understand the kinetics and thermodynamics of the nickelide 

reaction in the radial direction of the nanowire’s cross-section, we developed a simple 

model (Figure 3.7 (a)) to depict this metallization process. For simplicity, we assumed that 

(i) the metal contact was an infinite source of Ni since there was no experimentally 

observed depletion of Ni near the nickelide/nanowire interface; (ii) the unreacted 

semiconductor core and reacted metallic shell were cylindrical with perimeters, l and L 

respectively; and (iii) L was fixed which is consistent with our experimental observations in 

Figure 3.7 (b)-(c). The fixed perimeter L suggests that the volume expansion due to Ni 

incorporation occurred in the h direction, and negligible strain was present in the 

In0.53Ga0.47As core for the present experimental conditions, as was validated from fast 

Fourier transform (FFT) patterns on the InGaAs regions at various stages of the reaction.  
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Figure 3.7. Modeling the formation of radial contact alloys. (a) a generalized model for 
metallic contact formation in the radial direction of a nanowire channel. The metal source is 
assumed to be unlimited, and the inner and outer perimeters of the reacted regions are labeled 
with l and L respectively. (b) Plot of the inner and outer perimeters for the specimen that had 
an interfacial oxide layer, exhibiting a linear dependence with time and indicating a 
kinetically limited reaction process. (c) Plot of the inner and outer perimeters for the specimen 
that had no interfacial oxide layer but exhibited an intermixed surface region, with fits that 
corresponded to a mass-transport limited process.           
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As shown in Figure 3.7 (a), the mass transport of Ni atoms in the nickelide reaction 

involves three steps: (1) Ni dissolution across the Ni/nickelide interface, (2) Ni diffusion 

through the formed nickelide shell, and (3) solid-state reaction at the 

nickelide/In0.53Ga0.47As interface, with Ni fluxes denoted as F1, F2, and F3, respectively. If 

one of the three steps is the rate-limiting step, the correlation between the unreacted 

perimeter l and time t can be expressed as follows (detailed derivations in Appendix IV):  

(i) If F1 is the rate-limiting step:  

l(t) = L2 − 2kdissolveLP ⋅ t  ;    (3-1)  

(ii) If F2 is the rate-limiting step:  

2l(t)2 ln l(t)
L( ) + L2 − l(t)2 = 8πDNiP ⋅ t  ;   (3-2)  

(iii) If F3 is the rate-limiting step: 

l(t) = L − kgrowthP ⋅ t   ;   (3-3)  

where kdissolve  and kgrowth  are the rate constants for Ni dissolution and nickelide 

growth respectively. DNi  is the diffusion coefficient of Ni in In0.53Ga0.47As and P  is a 

constant. 

We found that for the first type of specimen that had an interfacial oxide layer in 

between Ni and In0.53Ga0.47As (Figures 3.4 and 3.5), l obeyed a linear dependence on time 

(Figure 3.7 (b)) that follows equation (3-3), a behavior that is consistent with F3 being the 

rate-limiting step, i.e. kinetically limited growth at the nickelide/In0.53Ga0.47As interface. By 
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fitting the experimental data in Figure 3.7 (b) to equation (3-3), we found that the fit line 

projected to an intercept, L, of 64.2nm with the y-axis, which is in agreement with the 

external nickelide perimeter within the measurement errors. The slope of the linear fit 

provided the effective growth rate ( kgrowthP ) of 2.1 nm/min. Since Ni mainly reacted with 

three surfaces with the nanowire cross-section but not at the In0.53Ga0.47As/HfO2 lower 

interface for the first 8 min of the reaction, the experimentally extracted reacted perimeter 

is lower than the modeled one in Figure 3.7 (b).  For the second type of specimen that had 

the intermixing layer in between Ni and In0.53Ga0.47As (Figure 3.7 (c)), l followed a 

diffusion/mass-transport-limited process (F2) with a characteristic dependence of equation 

(3-2). The characteristic shape of equation (3-2) includes rapid decays in unreacted 

perimeter l at both the beginning and the very end, and an approximate linear segment in 

between. The fit to the data of Fig. 4c with equation (3-2) included a time-offset term 

(t − t0 ) , where t0 =1.9 min, indicating that the diffusion-limited growth rate became 

effective after ~ 2 min of reaction. This behavior raises two questions: why did the reaction 

rate in the second type of specimen change from kinetically limited to diffusion-limited, 

and what happened in the first 1.9 min before the diffusion-limited process applied? The 

answer to these two questions lies in the differences in the interfacial properties between Ni 

and In0.53Ga0.47As. In the second type of specimen, an intermixing layer readily formed 

upon Ni deposition, resulting in a rounded In0.53Ga0.47As cross-section (Figure 3.6 (b), 

t=0). The rounded surfaces introduced many kink sites on small steps of 

nickelide/In0.53Ga0.47As interfaces, facilitating the reaction rate at these interfaces and 

thereby accelerating the kinetics of the reaction. The rate of arrival of Ni adatoms to the 

reaction interface became the rate-limiting step and therefore, the nickelide reaction became 
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mass-transport/thermodynamically limited. It is also worth noting that the initial 

intermixing layer during metal deposition may not reach an equilibrium concentration 

(solubility limit) of Ni in In0.53Ga0.47As. Upon in-situ heating the sample to 180 °C, Ni must 

first diffuse through the intermixing layer and reach a point that exceeds the equilibrium 

concentration within this intermixing layer before Ni supersaturates the interface and 

nucleation and growth of a nickelide layer can proceed. This is corroborated by the 

experimentally observed subtle changes in l during the first 2 min (first three red data 

points in Figure 3.7 (c)) that became rapid afterwards. We extracted from the fits of the 

data from Figure 3.7 (c) an L’=51.3 nm which agreed with the unreacted perimeter before 

the in-situ experiment started (excluding the intermixing layer), and an effective diffusion 

coefficient ( 8πDNiP ) of 161.4 nm2/min, which is consistent with the volume diffusion 

coefficient that can be extracted from an Arrhenius plot in our previous study.[11] For t > 

14 min, the measured l of the unreacted In0.53Ga0.47As region fell more quickly than the 

fitting curve presumably due to interference from surface diffusion of the Ni on the imaging 

plane which reduced the image contrast of the crystalline core underneath.  

 

3.4.4 High-Temperature Recrystallization Process 

During the above in-situ heating experiments, we found that the nickelide reaction 

resulted in an amorphous phase in the nanowire cross-sections throughout a wide range of 

reaction temperatures (180 °C ~ 350 °C). Interestingly, when the temperature was elevated 

to above 375 °C, the amorphized nickelide phase regrew slowly into a crystalline nickelide 

phase (Figure 3.8 (a)). During this regrowth, poly-crystallites were observed in the first 5 
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min followed by a well-aligned single-crystalline nickelide phase that appeared at the top-

left corner. At later stages of crystallization, this single-crystalline nickelide phase seeded 

the regrowth from top-left corner downwards into the cross-section of the nanowire, and 

then from left side to the right until recrystallizing the entire nanowire cross-section. This 

crystalline nickelide phase was found to be Ni2In0.53Ga0.47As by examining the lattice 

constant (Figure 3.8 (b)) with known value for this phase.[11] The regrown area of single 

crystalline Ni2In0.53Ga0.47As versus the entire nanowire cross-sectional area was plotted as a 

function of time in Figure 3.8 (c). We found that the area transition from amorphous to 

crystalline nickelide can be fit with the Avrami equation,[14] Y = 1− exp −Ktn( ) , with 

n=3.92, which is close to n=4 that is typical for an ideal homogenous phase 

transformation.[15] Using energy dispersive spectroscopy (EDS) measurements, we found 

that the Ni concentration at the center of nanowire cross-section increased by 1.6 times 

after the crystalline regrowth. We hypothesize that during the amorphization step, Ni 

diffused into the tetrahedral interstitial sites of the In0.53Ga0.47As lattice and formed a 

metastable nickelide phase (the lattice structure is shown in Figure S6 in the supporting 

information). This is in agreement with the fact that nickelide reacts faster on {110} facets 

than on {111} or {100} type of facets, as <110> are usually the net crystal directions for 

interstitial diffusion.[16] During the crystalline regrowth step, further Ni was supplied from 

the surrounding contact, gradually forming the thermally stable Ni2In0.53Ga0.47As phase. 

Given the shadowing effects during Ni deposition and non-conformal Ni coating (Figure 

3.4 and 3.6) as well as the thin FIB lamellae examined here, void formation on the sidewall 

of the reacted nanowire was unavoidable but can be resolved with conformal coating and 

wider Ni contacts. 
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Figure 3.8. Recrystallization at elevated temperature. (a) high-resolution TEM sequences 
during the in-situ heating at 375 °C. The In0.53Ga0.47As nanowire has fully reacted with Ni to 
form an amorphous nickelide phase at 180 °C. During the recrystallization growth, well-
aligned Ni2In0.53Ga0.47As phase starts to form at the top-left corner, extends downward and 
then to the right, and finally recrystallizes the entire nanowire cross-section. (b) FFT image of 
the corresponding Ni2In0.53Ga0.47As crystal, showing the diffraction pattern along the [0001] 
zone axis (projecting direction in TEM). (c) plot of area fraction of recrystallized region over 
the entire cross-sections as a function of time following the Avrami equation (see text).  
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3.5 Conclusions 

In summary, we report the first direct observation of solid-state reaction dynamics 

between a metal (Ni) and a semiconductor (In0.53Ga0.47As) nanowire along its cross-section. 

At typical temperatures at which the crystalline Ni2In0.53Ga0.47As phase grows on planar 

In0.53Ga0.47As surfaces, the nanowire cross-section experienced a solid-state amorphization 

step and forms NixIn0.53Ga0.47As (x<2). During this amorphization process, nickelide reacts 

in a layer-by-layer manner proceeding by ledge movements on {111} facets along <112> 

directions. Nickelide ledge movement events were recorded with time-sequenced high-

resolution TEM images. These show that the phase transformation occurs through the 

evolution of stepped edges on non-{111} facets and their consequent elimination resulted 

in an equilateral rhombus-like region bounded by {111} planes. The interface between Ni 

and the In0.53Ga0.47As nanowire was found to significantly influence the reaction kinetics 

and was captured by a model that we developed specifically for the cross-sectional 

geometry of nanowire channels. Finally, the amorphous NixIn0.53Ga0.47As (x<2) phase 

regrew into a single crystalline Ni2In0.53Ga0.47As phase at temperatures above 375 °C by 

additional incorporation of Ni adatoms from the contact reservoir. Overall, the results 

presented here provide a general guide for the development of crystalline, self-aligned 

contacts in nanoscale channels and can be generalized to radial reactions of metallic and 

other alloys into nanowire cross-sections.  

Most of chapter 3 was published in Nano Letters 2017. R. Chen, K. L. Jungjohann, 

W. M. Mook, J. Nogan, S. A. Dayeh. The dissertation author is the first author of this 

paper. 
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Chapter 4: Recordings and Analysis of Atomic Ledge and Dislocation 

Movements in InGaAs to Nickelide Nanowire Phase Transformation 

 

4.1 Introduction 

In chapter 3, we have discussed the metallization process in the cross-section of the 

InGaAs nanowires, which is the early stage of the reactions that happens underneath the 

metal contact. If we continue to apply heating, the nickelide reactions will eventually 

extends into the nanowire channel. Therefore, in this chapter, we are going to look at the 

nickelide reactions along the nanowire channel directions.   

 The majority of those nanoscale metallization studies were carried out by in-situ 

heating and imaging inside a transmission electron microscopy (TEM) [1-3] which proved 

powerful in investigating these thermally driven phase transformations in real-time and at 

atomic resolutions.[4-7] For instance, it has been found that the ledge nucleation and 

movement in nanoscale metallization processes can be largely affected by the involved 

material systems,[8] local defects,[9] metal impurities,[10] dielectric layer coating,[11] and 

interfacial properties in between the metal contact and the semiconductor[12]. Though 

prominent discoveries have been made on nanostructures on elemental semiconductors, i.e. 

Si and Ge nanowires,[13] detailed ledge behaviors have not been uncovered in III-V 

nanowire channels at atomic resolutions,[8] possibly due to the multifold elements and 

complicated phases involved in the phase transformation from a binary/ternary compound 
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semiconductor to a ternary/quaternary compound metallic contact, respectively, even for a 

single element metal contact (eg. Ni).  

Ni has been argued as a suitable alloyed metal contact with In0.53Ga0.47As channels 

because it forms a metallic nickelide phase (NixIn0.53Ga0.47As)[14-16] which is analogous to 

the nickel silicide (NixSi) to the Si material. For these planar device geometries, it was 

found that at temperatures as low as ~ 230 °C, a poly-crystalline nickelide phase forms and 

can be thermally stable up to 450 °C.[17] The NixIn0.53Ga0.47As lattice is of the NiAs (B8) 

structure with commonly observed stoichiometry of Ni2In0.53Ga0.47As[18,19] or 

Ni3In0.53Ga0.47As[20,21] at different process conditions. However, the lattice mismatch 

between In0.53Ga0.47As and the formed NixIn0.53Ga0.47As could introduce large strain in the 

In0.53Ga0.47As nanowire channels and leads to the formation of defects at the 

In0.53Ga0.47As/NixIn0.53Ga0.47As interface,[22] which further complicates detailed structural 

analysis. Therefore, we sought a detailed investigation of the nucleation and ledge 

propagation behaviors to uncover the origin of these complicated phase-transformation 

details.    

 

4.2 Summary of Results 

Original in-situ heating transmission electron microscopy studies are carried out to 

record and analyze the atomic scale dynamics of contact alloy formation between Ni and 

In0.53Ga0.47As nanowire channels. It is observed that the nickelide reacts on the 

In0.53Ga0.47As (111) || Ni2In0.53Ga0.47As (0001) interface with atomic ledge propagation 
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along the Ni2In0.53Ga0.47As [1010]  direction. Ledges nucleate as a train of strained single-

bilayers and propagate in-plane as double-bilayers that are associated with a misfit 

dislocation of 
 
b
!
= 2c
3
[0001] . The atomic structure is reconstructed to explain this phase 

transformation that involves collective gliding of three Shockley partials in In0.53Ga0.47As 

lattice to cancel out shear stress and the formation of misfit dislocations to compensate the 

large lattice mismatch in the newly formed nickelide phase and the In0.53Ga0.47As layers. 

This work demonstrates the applicability of interfacial disconnection (ledge + dislocation) 

theory in a nanowire channel during thermally induced phase transformation that is typical 

in metal/III–V semiconductor reactions. 

 

4.3 Experiment 

4.3.1 Preparing the TEM Specimen Lamellae  

In this work, we utilized the in-situ TEM heating technique to observe the solid-

state reactions between Ni contact and In0.53Ga0.47As nanowire channels. The horizontal 

In0.53Ga0.47As nanowire channels were fabricated by top-down dry-etch on a separate 

substrate (the same method as in section 2.3.2 and section 3.3.1), with nanowires sitting on 

a 15 nm HfO2 layer. A TEM lamellae prepared by FIB milling usually has a final thickness 

about 60~80 nm, with positioning accuracy > 100 nm. Therefore, the nanowire 

arrangement needed to be smartly designed (as shown in Figure 4.1) in order to have at 

least one intact nanowire channel that is fully embedded in the SiO2 layer and appears in 

the focused-ion-beam (FIB) milled lamellae. The 120nm wire-to-wire distance in a column 
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ensures no overlap of two nanowires in a FIB lamellae, and the 30nm column-to-column 

guarantees 2~3 nanowire channels remain along the FIB lamellae. If 3 nanowires remain, 

the center one would be the intact nanowire fully embedded by SiO2 top layer, and the 

other two would be partially damaged by FIB on the sidewall. If 2 nanowires remain, both 

of them would be intact nanowires and the in-situ study could be focused on either on them. 

This design ensures no overlapping of nanowire channels in a FIB milled specimen lamella 

along the channel direction, and the existence of 2 ~ 3 consecutive nanowire channels in 

this lamella for in-situ studies.  

 

 

 

 
Figure 4.1. Schematic for the top view of In0.53Ga0.47As nanowires arrangement. Each 
nanowire has a width of 30nm, and a center-to-center distance between two nanowires in a 
column to be 120nm. The column-to-column group offset was 30nm.   
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Figure 4.2. SEM images showing the sequences in FIB processes. The fabrication flow 
exhibits the sequences of transferring the FIB cut lamellae from the home substrate onto the 
TEM membrane window of a thermal E-chip. The inserted image in step 4 is the overview of 
TEM membrane with scale bar of 100 µm. 

 

 

 

4.3.2 Transferring Specimen Lamellae on Top of Thermal E-Chips  

The process to transfer FIB lamellae onto the TEM window of a thermal E-chipTM 

(AHA chip, Protochips Inc.) was shown in Figure 4.2, second row. The TEM window was 

made of conductive ceramic with many manmade circular holes for electron-beam 

transparency. We intentionally drilled a larger rectangular hold for better imaging of our 
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FIB lamellae for the HRTEM video recording of the reaction dynamics. We also deposited 

two Pt posts on the edge of the opening region (shown in Figure 4.2 step 4) to hold the 

transferred FIB lamellae. These two Pt posts not only helped maintaining the flatness of 

specimen lamellae during transfer, but also facilitated the further thinning and cleaning 

steps by lifting up the lamellae from the surface of ceramic membrane. Finally, the 

transferred specimen lamellae was further thinned with FIB with reduced voltage (10 kV), 

until the lamellae reached a thickness ~ 60nm. 

We used the FEI Tecnai F30 TEM and AduroTM 500 heating stage (Protochips Inc.) 

to perform the in-situ heating experiments in this work with its compatible AHA thermal E-

chipsTM (Protochips Inc.) that served as the heating platform (shown in Figure 4.3 (a)-iv). 

On top of the chip, the metal leads provided resistive heating through the conductive 

ceramic membrane underneath and controlled the temperatures with well-calibrated heating 

current. Then, we again used the FIB to mill an open square on the ceramic membrane and 

to deposit two Pt posts on opposite sides of the square window (Figure 4.3 (a)-v, (b)). 

Subsequently, the specimen lamella was lifted out and transferred on top of the membrane 

of a thermal E-chip horizontally (schematic in Figure 4.3 (a)-vi, SEM image in Figure 4.3 

(b)) with an OmniprobeTM inside an SEM (FEI Nova 600) chamber. Finally, this lamella 

was further thinned to a thickness of 60 ~ 80 nm permitting electron beam transparency. 

The nanowire channel investigated in our in-situ heating experiment is labeled in the TEM 

image in Figure 4.3 (c).  
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Figure 4.3. Schematics, SEM and TEM images that exhibit the FIB mill and lift-out 
processes for transferring the specimen lamellae onto the TEM membrane window. (a) 
Schematics of the process flow, with i-iii representing the FIB process on device substrate and 
iv-vi representing the transfer process on TEM thermal E-chipsTM. i) and ii) are the top-view 
and  partial side-view of the fabricated In0.53Ga0.47As nanowire channels with Ni contacts. In 
each column of nanowires, the center-to-center distance is 120 nm, and the channel length is 1 
µm. Between two columns, there is an offset of 30 nm. iii) shows the FIB milling process 
with the lamellae in parallel with nanowire channel direction. iv) is the schematic for thermal 
E-chips. Four metal leads on the thermal E-chip will be connected with the probes on 
AduroTM TEM heating stage to introduce resistive heating and to read out temperatures. v) 
shows the FIB milled opening window on the TEM membrane, together with the FIB 
deposited Pt posts besides. vi) is the lift-out and transfer step that places the specimen 
lamellae onto the Pt posts atop the thermal E-chip. (c) SEM image of the FIB milled specimen 
lamellae transferred horizontally onto the TEM membrane on the thermal E-chip. (d) TEM 
image showing the overview of specimen lamellae and the labeled location of nanowire 
channel for this in-situ study.  
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4.3.3 In-situ TEM Movies Recording 

In this study, we operated TEM at 300 kV with minimal electron dose that could 

still maintain clear imaging at highest magnification (× 1M). We blocked the electron beam 

during the in-situ heating experiments except for imaging and video recording for 1~2 min. 

The electron beam was never focused on the interested area of the specimen in order to 

minimize the possible damages induced by electron beam. For over 10 samples that were 

studied in this work, we didn’t observe noticeable beam-effect during the phase 

transformation from InGaAs to nickelide (detailed discussions in Appendix V of the 

electron beam effect). HRTEM images were extracted from the video frames, and 

processed in the DigitalMicrograph software where diffraction spots were masked and then 

inversed to enhance the image clarity.  

 

4.4 Results and Discussions 

4.4.1 Ledge Formation and Movement Mechanisms along the Nanowire Channels 

Figure 4.4 (a) provides an overview of the interfacial profile between In0.53Ga0.47As 

nanowire and the reacted nickelide phase after applying the in-situ heating at 320 °C. 

Debates exist in the literature regarding the stoichiometry of Ni when it forms nickelide 

compounds with In0.53Ga0.47As,[18,21] and the variability of the results can be attributed to 

the non-equilibrium conditions of short-time annealing, and the sensitivity of the reaction 

products to the substrates and process temperatures.[19] However, as it will be shown later 

in this work, the ledge mechanisms for phase transformation is unaffected by the Ni 
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stoichiometry due to the same hexagonal lattice structure and similar c/a ratios for the 

different nickelide compounds. Here, we deduced the nickelide phase as Ni2In0.53Ga0.47As 

by cross examining the lattice constant (Figure 4.4 (c)) with known value for this 

phase.[18]  

From the diffraction patterns of two phases across the interface (Figure 4.4 (b) and 

(c)), we found that the interface followed the In0.53Ga0.47As (111) || Ni2In0.53Ga0.47As (0001) 

atomic planes, in agreement with our earlier ex-situ studies.[22] To better understand the 

interfacial atomic arrangements, ledge formation and movement behaviors, we recorded the 

nickelide reaction with high-resolution TEM (HRTEM) at × 1M magnification and 

extracted the time-resolved sequences from the digital video (shown in Figure 4.4 (d)). To 

the best of our knowledge, this is the first in-situ observation of solid-state reaction between 

metal and III-V nanowires with atomic resolution and that clearly exhibits the ledge 

formation and movement behaviors.  

We found that the Ni2In0.53Ga0.47As ledge formed in a train of single-bilayers[23], as 

observed near the top surface of the nanowire channel in each time frame of Figure 4.4 (d). 

These single-bilayer ledges were under biaxial tensile stresses from inside the interfacial 

plane (In0.53Ga0.47As (111) || Ni2In0.53Ga0.47As (0001)) due to lattice mismatch of 5.5%, and 

a uniaxial compressive stress in the direction that is perpendicular to the interfacial plane 

due to nickelide volume expansion of 34.2%.[22] These two effects, in principle, add up the 

compression of Ni2In0.53Ga0.47As lattice in the out-of-plane directions. While in our case 

here, the very thin (< 80 nm) TEM sample lamellae in this study facilitate volume 

expansion laterally perpendicular to the channel and reduces the overall influence of 

volume expansion on interfacial stresses. Our observations show that these single-bilayer 
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ledges moved freely along the [1010]  direction on the Ni2In0.53Ga0.47As (0001) surface 

from the nanowire top surface to the center region, until hindered by a misfit dislocation 

that is generated to release the compressive stress during the ledge propagation. Those 

newly generated misfit dislocations were captured in the time duration of 0”0”’~ 14”05”’ 

and are marked with a cyan colored arrow, the time duration of 9”49”’~14”05”’ with a 

green colored arrow, and the time duration of 32”39”’~ 36”55”’ with an orange colored 

arrow. Once a misfit dislocation is formed, the propagation speed of a single-bilayer ledge 

decreased and another single-bilayer ledge growth can reach the same Ni2In0.53Ga0.47As/ 

In0.53Ga0.47As of the first single bilayer. The ledge with a double-bilayer height moved 

together thereafter with a misfit dislocation of 
 

!
b = 2c

3
[0001] . Even though double-bilayer 

ledges could instantly merge and then separate into independent double-bilayer ledges in 

the following movements (e.g. time duration of 0”0”’~ 9”49”’, ledges related to the two 

labeled dislocations towards the bottom of the images), a double-bilayer ledge remained 

stable and never splat into two single-bilayers afterwards. This indicates that double-bilayer 

is the unit height for a moving Ni2In0.53Ga0.47As ledge after the generation of a misfit 

dislocation at the reacting Ni2In0.53Ga0.47As/ In0.53Ga0.47As interface.   
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Figure 4.4. Ledge formation and movement mechanisms of nickelide phase at atomic 
resolution. (a) TEM image of the In0.53Ga0.47As/Ni2In0.53Ga0.47As interface showing a slanted 
interfacial profile. Scale bar is 20 nm. (b) and (c) Fast Fourier transform (FFT) images of the 
In0.53Ga0.47As and Ni2In0.53Ga0.47As segments, respectively, showing the diffraction patterns of 
In0.53Ga0.47As along the  zone axis (projecting direction in TEM) and of Ni2In0.53Ga0.47As 
along the  zone axis. The diffraction patterns indicate that the slanted interface follows 
the In0.53Ga0.47As (111) || Ni2In0.53Ga0.47As (0001) atomic planes. (d) HRTEM sequences, 
showing the ledge formation at the top-surface of nanowire channel and ledge propagations 
into the nanowire body. The ledges started with a completely strained single-bilayer form and 
moved with a double-bilayer step height. This double-bilayer step moved together with a 

misfit dislocation  (labeled by the white “⊥”), forming a classic 

“disconnection” at the interface. All these HRTEM images share the same scale bar of 5 nm. 
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4.4.2 Interfacial Disconnection and Atomic Models 

These ledge formation and movement behaviors illuminate significant differences 

with preceding observations made on metal alloying process in elemental semiconductors 

such as in Si nanowires. When nickel silicide forms in Si nanowire channels, the immediate 

adjacent phase to pristine Si is NiSi2 that has a cubic lattice structure and a lattice constant 

that is very close to that of Si.[24,13] Therefore, a coherent heteroepitaxial interface was 

observed in between Si and NiSi2, and the NiSi2 phase grew by forming ledges of single-

bilayer height. However, during the phase transformation in In0.53Ga0.47As/Ni2In0.53Ga0.47As 

system, the large lattice mismatch resulted in a misfit dislocation in every two atomic 

bilayers in Ni2In0.53Ga0.47As (corresponding to every three atomic bilayers in In0.53Ga0.47As, 

as will be discussed in detail below). The ledges of Ni2In0.53Ga0.47As moved as a double-

bilayer height, coupled with the misfit dislocation. An interface that contains both ledge 

and misfit dislocation is generally referred to as a “disconnection”,[25-27] and our in-situ 

observations here are the first direct proof of interfacial disconnection in a nanowire 

channel during thermally induced phase transformation that is typical in metal/III-V 

semiconductor reactions.   

To gain insight into the atomic arrangement at the interfacial disconnection and the 

motion of the ledges, we developed atomic models to construct the crystal structures at the 

In0.53Ga0.47As/Ni2In0.53Ga0.47As interface. Consider the two magnified HRTEM images of 

the interfacial disconnections (in the same nanowire but at different reaction times) as 

shown in Figure 4.5 (a).  At time t1 in Figure 4.5 (a), one can observe a clear correlation 

between three layers of In0.53Ga0.47As lattice planes (marked with yellow dashed lines) and 

two layers of Ni2In0.53Ga0.47As lattice planes (marked with red dashed lines). Therefore, the 
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interface is characterized with a misfit dislocation with a Burgers vector 
!
b = a

3
[111] , where 

a = 5.87 Å is the lattice constant of the In0.53Ga0.47As (zinc-blende). For Ni2In0.53Ga0.47As 

that has a hexagonal lattice with lattice constants of a = 3.93 Å and c = 5.10 Å,[22] (the 

Burgers vector defined above is equivalent to 
2c
3
[0001] ). At time t2 in Figure 4.5 (a), we 

observe the same behavior, where a double-bilayer step height is observed. Shown in 

Figure 4.5 (b) are the lattice structures of zinc-blende In0.53Ga0.47As and hexagonal 

Ni2In0.53Ga0.47As. Along the [111] direction of In0.53Ga0.47As crystal, atomic planes arrange 

in a A-B-C-A-B-C… manner (shown in Figure 4.5 (c)), representing a typical fcc stacking. 

Along the [0001] direction of Ni2In0.53Ga0.47As crystal, atomic planes arrange in a A-A-A… 

manner, which is due to the nature of its simple hexagonal lattice (different from typical 

hexagonal-close-packed (hcp) stacking). Therefore, during the phase transformation from 

In0.53Ga0.47As to Ni2In0.53Ga0.47As, the atomic bilayers need to glide in each atomic plane in 

order to transform from A-B-C… type of stacking into A-A-A… type of stacking. Here, we 

simplified one atomic-bilayer into a lattice plane and depicted the gliding behaviors in 

Figure 4.5 (d) and (e). A top-view of the lattice planes is shown in Figure 4.5 (d), and the 

top lattice plane has three optional gliding directions to overlap with the bottom lattice 

plane, i.e. 
1
6
[112] , 

1
6
[121] , and 

1
6
[211] , corresponding to three Shockley partial 

dislocations (also referred to as Shockley partials). From a side-view of the lattice planes as 

shown in Figure 4.5 (e), three lattice planes need to glide collectively along one of the 

three Shockley partials in order to eliminate shear stress during phase transformation,[28] 

as no external shear stress was applied to the NW. Therefore, a group of three (or multiples 

of three) atomic bilayers in In0.53Ga0.47As crystal will move all together by the collective 
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gliding of three Shockley partials with a height of 3d(111) =10.17 Å which is nearly 

equivalent to the height of double-bilayer ledge (2d(0001) =10.20 Å) in Ni2In0.53Ga0.47As 

crystal with residual strain ≤ 0.3%. This also introduces one misfit-dislocation for each 

double-bilayer ledge. Finally, the atomic arrangement at the disconnection interface is 

reconstructed in Figure 4.5 (f), and both, the single-bilayer nucleus and the double-bilayer 

ledges are illustrated in the schematic.  

Ledges with multilayer height have also been observed during in-situ TEM in other 

nanowire systems, such as metal-catalyzed growth of Si[29] and GaN[30] nanowires, and 

phase transformation in InAs nanowire[31] (from wurtzite to zinc-blende). During the 

metal-catalyzed nanowire growth, the growth species diffuse through the catalyst, 

supersaturate at the catalyst/nanowire interface, and generate new ledges on the interfacial 

plane. Since the catalyst has no epitaxial correlation to the nanowire, the number of layers 

in a ledge largely depends on the supersaturation rate[29,32,33] or the property of nanowire 

material itself[30]. In the phase transformation of InAs nanowire from wurtzite to zinc-

blende phase,[31] the atomic planes changed from A-B-A-B… (hcp) type of stacking to A-

B-C… (fcc) type of stacking without elastic strain as the stoichiometry of the InAs and the 

size of its unit cell are conserved in this phase change. Ledges contained six bilayers by 

collectively gliding of three Shockley partials that each associated with two atomic bilayers 

in both the wurtzite and the zinc-blende phases. In our material system of 

In0.53Ga0.47As/Ni2In0.53Ga0.47As, the phase transformation not only caused an unusual 

change in atomic stacking (A-B-C… type to A-A-A… type), but also introduced large 

elastic strain near the interfaces. Therefore, we observed a fixed ledge height of two 

bilayers in Ni2In0.53Ga0.47As (three bilayers in In0.53Ga0.47As) and a misfit dislocation 
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associated with the ledge unit. Our observations expound a new type of ledge formation 

and movement behaviors during contact metallization, that is the phase transformation with 

large elastic strain in nanowire channels, which serves as a direct proof and in fact the first 

observation of the applicability of the disconnection theory in nanoscale phase 

transformation.  
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Figure 4.5. Atomic models that reveal the formation of interfacial disconnections during 
In0.53Ga0.47As to Ni2In0.53Ga0.47As phase transformation. (a) HRTEM images extracted from 
two separate time-instant in-situ movies in, giving an even closer look at the 
In0.53Ga0.47As/Ni2In0.53Ga0.47As interface. Scale bar is 5nm. (b) Lattice structures of 
In0.53Ga0.47As (zinc blende) and Ni2In0.53Ga0.47As (simple hexagonal). (c) Atomic 
arrangements in In0.53Ga0.47As (with [111] direction pointing upwards) and Ni2In0.53Ga0.47As 
(with [0001] direction pointing upwards) respectively. In In0.53Ga0.47As crystal, the atomic 
layers stack in an A-B-C-A-B-C… manner, while in Ni2In0.53Ga0.47As the stacking is A-A-
A…. In In0.53Ga0.47As crystal, an “atomic bilayer” usually refers to the bonded In (or Ga) 
monolayer and As monolayer. This is also used here for corresponding layers in 
Ni2In0.53Ga0.47As crystal after phase transformation. (d) Top-view of two lattice planes in an 
A-B-C type of stacking, indicating that the top lattice plane has three possible in-plane gliding 
vectors in order to be overlapping with the bottom lattice plane. (e) Side-view of how the A-
B-C stacking of lattice planes shuffle into an A-A-A stacking manner by collective gliding of 
three lattice planes along three different gliding vectors as shown in (d). (f) The reconstructed 
atomic structures at the interface in between In0.53Ga0.47As (top left) and Ni2In0.53Ga0.47As 
(bottom right). The nature of single-bilayer nucleus and double-bilayer step height is depicted 
in this schematic, together with the labeled misfit dislocations. We removed one monolayer of 
As atoms at the interface of In0.53Ga0.47As side, which overlaps with the Ni atoms in 
Ni2In0.53Ga0.47As, in order to improve the clarity of this structure model at the interface region.   
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4.4.3 Nucleation Model of the Nickelide Reaction 

 
Figure 4.6. Nucleation model of the nickelide reaction in the [011] oriented In0.53Ga0.47As 
nanowire channel. (a) Schematics of the three possible nucleation sites for nickelide phase on 
the In0.53Ga0.47As/nickelide interface, which are ① heterogeneous nucleation site at 

In0.53Ga0.47As/ nickelide/ SiO2 triple phase boundary (TPB), ② homogeneous nucleation site 
at the In0.53Ga0.47As/ nickelide interface, and ③ heterogeneous nucleation site at 
In0.53Ga0.47As/ nickelide/ HfO2 TPB. (b) Plot of free energy of a nucleus as a function of 
radius for both homogeneous and heterogeneous cases according to the derived 
thermodynamic model (details in Appendix VI). (c) The ratio of energy barriers 
ΔG*

hetero / ΔG
*
homo  as a function of contact angle of the nucleus at the interface of 

In0.53Ga0.47As/dielectric as showing in (b). (d) A hypothesized shape of heterogeneous nucleus 
that shows a hexagonal shape. This hexagonal disc isn’t necessarily equilateral and may 
contain small facet steps, while the contact angle will be fixed at θ = 2π / 3  that corresponds 
to the ratio ΔG*

hetero / ΔG
*
homo = 0.64  in (c). (d) An ideal heterogeneous nucleus that shows a 

hexagonal shape from side and top views. (e) The reason for the hypothesized hexagonal 
nucleus is illustrated by the atomic arrangements at the In0.53Ga0.47As (111) || Ni2In0.53Ga0.47As 
(0001) interface, enclosed by the low-energy facets for both sides of the interface.  
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We finally provide a qualitative analysis of the nickelide phase nucleation based on 

thermodynamic and kinetic grounds. This is to explain why the Ni2In0.53Ga0.47As phase 

nucleated near the top of the nanowire channel where In0.53Ga0.47As interfaced with SiO2 

layer (as shown in Figure 4.4 (d)), as opposed to the trimethylalumnium (TMA) treated 

HfO2/In0.53Ga0.47As interface. As shown in Figure 4.6 (a), there are three possible 

nucleation sites: ① heterogeneous nucleation site near the nanowire top surface, where 

In0.53Ga0.47As interfaces with SiO2 cap layer, ② homogeneous nucleation site inside the 

nanowire channel on the In0.53Ga0.47As/nickelide interfacial plane, and ③ heterogeneous 

nucleation site near the nanowire base, where In0.53Ga0.47As interfaces with HfO2. 

Considering the classical case with a disc shaped nucleus (details in Appendix VI), the ratio 

of energy barriers between heterogeneous (truncated disc) and homogeneous (full disc) 

nuclei is: 

ΔG*
hetero

ΔG*
homo

= θ − sinθ cosθ
π

.     (4-1) 

where θ  is the contact angle of heterogeneous nucleus with the In0.53Ga0.47As/oxide 

interface.  

Figure 4.6 (b) schematically illustrates the relation between system free energy and 

the radius of nucleus, for both homogeneous and heterogeneous cases. The energy barrier 

for heterogeneous nucleation could be much smaller than the homogeneous nucleation, and 

the ratio of ΔG*
hetero ΔG*

homo  depends on the contact angle θ  as can be deduced from 

equation (1).  is plotted in Figure 4.6 (c). In order to determine the ratio of ΔG*
hetero ΔG*

homo
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ΔG*
hetero ΔG*

homo , one needs to know each value of the interfacial energies that determine the 

contact angle θ . However, most of the interfacial energies (γ nickelide/oxide  and γ ) for the 

InxGa1-xAs system were not measured nor calculated to date. Despite this, we can 

hypothesize a value for θ  by considering the possible shape of nucleus as shown in Figure 

4.6 (d) and (e). We argue that the critical nucleus is preferred to form on coherent interfaces 

with a shape that is determined by the low energy facets.[34] In our in-situ studies at the 

temperature range of 280 °C ~ 350 °C, we observed clear facet selectivity of In0.53Ga0.47As 

(111) on which the Ni2In0.53Ga0.47As phase preferred to grow. Therefore, it’s reasonable to 

speculate that within our studied kinetic regime, the nucleated Ni2In0.53Ga0.47As phase 

should be bound by other equivalent {111} facets as shown in Figure 4.6 (e). If we 

consider the other side at the interface, Ni2In0.53Ga0.47As phase has a hexagonal lattice 

structure in which {1100}  are the typically preferred low energy facets.[35,36] Both of 

these two facet-groups enclose an equivalent hexagonal boundary for the critical nucleus. 

At the same time, studies of silicide formation in Si nanowires informed that the 

silicide/oxide interface usually had a larger interfacial energy than Si/SiO2 interface, 

resulting in a contact angle θ > 90° .[11] Therefore, for a reasonably speculated contact 

angle of 120°  in the In0.53Ga0.47As/Ni2In0.53Ga0.47As system under our experimental 

conditions, the ratio of nucleation barrier is ΔG*
hetero ΔG*

homo = 0.64  (labeled in Figure 4.6 

(c)), which is within a typical range of ratios that was found for the more studied silicide 

growth[37,9]. This indicates the thermodynamic preference of heterogeneous nucleation, 

but does not account for kinetic considerations. For this, we need to consider the nucleation 

rate, which can be characterized as, 
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R =ωC exp − ΔGD

kT
⎛
⎝⎜

⎞
⎠⎟ exp − ΔG*

kT
⎛
⎝⎜

⎞
⎠⎟

,     (4-2) 

where ω is frequency related to atomic vibrations, C is the concentration of critical 

sized nucleus, ΔGD is the activation energy for Ni atoms to diffuse to the reaction interface, 

and ΔG* is the energy barrier for nucleus. By invoking known values into equation (4-2), 

(details in Appendix VI), we can get, 

Rhetero
Rhomo

≈1.26exp ΔG*
homo − ΔG*

hetero

kT
⎛
⎝⎜

⎞
⎠⎟  .   

 (4-3) 

Therefore, the nucleation rate is also directly related to the nucleation barrier. Since 

the nucleation barrier ΔG*
homo  is about few electron-volts (eV) for a typical metallization 

process in nanowires,[11,37] the estimated ratio of nucleation rate Rhetero Rhomo ≥1.5 ×10
6 . 

This analysis corroborate our experimental observations that the heterogeneous nucleation 

is much more favorable both thermodynamically and kinetically.  

There are two types of heterogeneous nucleation sites in our model (① and ③ in 

Figure 4.6 (a)), which are at the interface with SiO2 top or with HfO2 bottom layers. This 

HfO2 layer was grown on In0.53Ga0.47As by atomic layer deposition (ALD) with a 

pretreatment of 5-cycles consecutive pulses of TMA and H2 plasma. This surface 

pretreatment was found to introduce an intermediate Al layer and enhance the bonding 

strength between In0.53Ga0.47As and HfO2 by forming As-Al-As bonds and Al-O bond on 

each side respectively.[38,39] It is expected that the abundance of dangling bonds and 

vacant sites at the sputtered SiO2 layer on In0.53Ga0.47As (as opposed to ALD deposited 
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HfO2) will enhance the diffusion of Ni at that interface since Ni is known to diffuse through 

interstitial states.[40] We believe that this improved bonding strength between 

In0.53Ga0.47As and HfO2 reduces the diffusion rate of Ni at this interface and increases the 

ΔGD in equation (4-2), resulting in a reduced nucleation rate. One should not exclude the 

possibility that the bonding strength increases the elastic strain Estrain  if Ni2In0.53Ga0.47As 

nucleates at the In0.53Ga0.47As/HfO2 interface and then increases the nucleation barrier 

according to equation S8 (supporting information). Therefore, we believe that the 

coordinated bonding between In0.53Ga0.47As and HfO2 limits the heterogeneous nucleation 

at this interface. Moreover, though the In0.53Ga0.47As nanowire is also covered by SiO2 on 

the sides, we believe that once Ni2In0.53Ga0.47As nucleated from the top surface the fast 

diffusion of Ni along the sidewalls would only contribute to the ledge propagations by 

nucleating at the kink sites on the train of ledges instead of nucleating new ledges.  

 

4.5 Conclusions 

In summary, we carried out in-situ heating TEM experiments to study the contact 

metallization process in between Ni contact and In0.53Ga0.47As nanowire channels, and 

observed the detailed ledge formation and movement behaviors at atomic resolution. We 

found that the reacted interface followed the In0.53Ga0.47As (111) || Ni2In0.53Ga0.47As (0001) 

atomic plane, and the ledges nucleated as a train of strained single-bilayers. Once the strain 

energy in single-bilayer ledges was relieved in part by forming misfit dislocations, their 

velocity decreased permitting the formation of associated single-bilayer ledges, the double-

bilayer ledges. Consequently, these nickelide ledges moved with a double-bilayer height 



	
   	
  
	
  

	
   130 

that became the unit height of ledges in this phase transformation. Our atomic models 

depicted the ledge propagation behaviors that are related to collective gliding of three 

In0.53Ga0.47As single-bilayers along three Shockley partials to cancel out the shear stress 

during phase transformation. Our analysis for the nucleation of new ledges indicates that 

the heterogeneous nucleation at the nanowire top surface is favored both kinetically and 

thermodynamically and is in good agreement with our experimental observations. Our in-

situ studies demonstrated for the first time the applicability of interfacial disconnection 

theory in contact metallization for compound semiconductor nanoscale channels. 

Most of chapter 4 was published in Small 2017. R. Chen, S. A. Dayeh. The 

dissertation author is the first author of this paper. 
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Chapter 5: In-situ Control of Synchronous Germanide/Silicide Reactions 

with Ge/Si Core/Shell Nanowires to Monitor Formation and Strain 

Evolution in Abrupt 2.7nm Channel Length 

 

5.1 Introduction 

Besides the homogeneous nanowires that we have discussed in chapter 2-4, 

semiconductor heterostructured transistors also play a pivotal role in advanced high-speed 

analog telecommunications circuits and amplifiers.[1,2] The performance of these analog 

devices and that of logic devices is enhanced at shorter channel lengths and can be tailored 

by strain engineering through compositional change parallel to or in the direction of current 

transport, such as in the SiGe source/drain regrowth for Si channels.[3,4] The standard 

practice in obtaining short channel devices is enabled by the solid-state reaction of self-

aligned contacts.[5,6] The combination of heterostructure engineering and self-aligned 

contacts at atomic to nano-scales is expected to refine the benefits of the two approaches. 

However, despite macroscopic studies on forming short transistor channels in 

heterostructured nanowires,[7-10] detailed metallurgical studies on solid-state reaction with 

heterostructured nanowires and the morphology of the contact/semiconductor interface 

have not been pursued thus far. Prior detailed efforts in this field have primarily focused on 

metallic contact formation in homogeneous semiconductor nanowires, such as in Si,[11,12] 

Ge,[13,14] and III-V[15,16] NWs.  
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We focus in this work on Ge/Si core/shell NWs because they have several 

advantages including alleviated surface scattering and accumulated holes in the core due to 

type-II band alignment between Ge and Si,[17] and therefore larger hole-mobility in the Ge 

core. Additionally, the lower strain in the Si shell – due to strain sharing in core/shell NW 

geometry – than its thin-film counterpart,[18,19] leads to the growth of more uniform Si 

layers on Ge. Therefore, we used the Ge/Si core/shell NW as a model system to investigate 

the compound contact formation between metal (Ni) and semiconductor heterostructures in 

situ inside a transmission electron microscope (TEM).  

 

5.2 Summary of Results 

In this work, we found that the solid-state reactions between Ni and Ge/Si core/shell 

nanowires resulted in a protruded and a leading NiSiy segment into the channel. A single 

Ni2Ge/NiSiy to Ge/Si core/shell interface was achieved by the selective shell removal near 

the Ni source/drain contact areas. Using in situ transmission electron microscopy, we 

measured the growth rate and anisotropic strain evolution in ultra-short channels. We found 

elevated compressive strains near the interface between the compound contact and the NW 

and relatively lower strains near the center of the channel which increased exponentially 

below the 10 nm channel length to exceed 10% strain at 3 nm lengths. These compressive 

strains are expected to result in a non-homogeneous energy band structure in Ge/Si 

core/shell NWs below 10 nm and potentially benefit their transistor performance. 
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5.3 Experiment 

The Ge, Si, and Ge/Si core/shell NWs in this work were grown in a low pressure, 

cold wall chemical vapor deposition (CVD) system.[20,21] The diameters of Ge cores 

ranged from 10 ~ 35 nm and the Si shells had an average thickness of 2 nm, both measured 

by high-resolution TEM (HRTEM).  

For imaging the compound contacts formation, NWs were sonicated and suspended 

in isopropyl alcohol (IPA) and then drop-casted on top of a 50 nm thin Si3N4 window of the 

commercial Si TEM apertures (Norcada Inc). After recording the locations of dispersed 

NWs, e-beam lithography was used to define the source/drain contacts followed by 120 nm 

Ni deposition. Prior to Ni deposition, a 30s buffered oxide etch (BOE, 1:20 in deionized 

water) dip was applied to each sample to ensure an oxide free interface between metal and 

NW. For some devices, a rapid thermal annealing (RTA) furnace provided the ex-situ 

heating prior to loading the samples into a Tecnai F30 TEM. For other devices, in-situ 

heating was performed by a single-tilt Gatan heating-holder with temperatures applied and 

read out by a hot-stage controller (Model 628). Energy-dispersive X-ray spectroscopy 

(EDX) was collected for elemental analysis under scanning TEM (STEM) model. Finally, 

the recoded HRTEM images were processed in the DigitalMicrograph software to extract 

the reciprocal lattice by fast-Fourier transform (FFT). 

 

	
    



	
  

	
   138 

5.4 Results and Discussions  

5.4.1 Control of Synchronous Nickel Germanide Core and Silicide Shell Growth 

Under the same fabrication and imaging conditions, we found distinct growth-rate 

behaviors and interface morphology in the Ni reaction with Ge, Si, and Ge/Si core/shell 

NWs that have similar diameters (Figure 5.1). The three samples underwent a simultaneous 

ex situ rapid thermal anneal (RTA) process at 300 °C for 30 s with a forming gas (N2/H2) 

flow at a chamber pressure of 1 Torr. We observed that the nickel germanide/germanium 

(NixGe/Ge) interface remained flat during the reaction as shown in Figure 5.1 (a), similar 

to the nickel silicide/Si (NiSiy/Si) interface in Figure 5.1 (b). However, for the Ge/Si 

core/shell NW (Figure 5.1 (c)), the NixGe/Ge and NiSiy/Si interfaces each remained flat in 

the core and shell respectively, while the reaction front of NiSiy shell lead the NixGe core 

by ~ 20 nm. We then investigated the origin of this behavior in order to control the 

morphology of the compound contact to the Ge/Si core/shell NW. 

Numerous studies on the Ni reaction with homogeneous semiconductor NWs (i.e. 

Si, Ge) have demonstrated Ni as the dominant diffusion species into NWs and a Ni-

diffusion limited (mass-transport limited) growth.[22-24] Ni has a much higher estimated 

diffusivity in Ge (~8×10-9 cm2/s, at 300 °C)[25] than that in Si (~1×10-10 cm2/s, at 300 

°C)[26] due to the larger atomic spacing in Ge lattice.[27] Therefore, the rate of arrival for 

Ni atoms to the growth interface are less inhibited in Ge than in Si and the reaction rate is 

consequently faster in Ge leading to a longer NixGe segment (Figure 5.1 (a)) in Ge NW 

channels than the NiSiy segment (Figure 5.1 (b)) in Si NW channels under the same 

reaction conditions. In Ge/Si NWs, the Ge core and Si shell share the strain due to the 
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nearly 4.2% lattice mismatch between the tensile strained Si core and the compressive 

strained Ge shell. Since the Ge core dominates the volume of the entire NW body, it 

experiences less strain than the Si shell. Therefore, the Ni diffusivity in Ge/Si core/shell 

NWs is expected to be little influenced by strain and the reacted NixGe length in Ge/Si 

core/shell NWs (Figure 5.1 (c)) was very close to that in Ge NWs. Here, the protruded 

NiSiy phase cannot be well explained with the change of Ni diffusivity in the strained Si 

shell, and other factors may play roles in this phenomenon as we will discuss next.  

From separate observations on Ni reaction with other NW materials, we observed 

distinct ledge nucleation and movement behaviors under the metal pad than in the NW 

cross-section.[28] In InGaAs, we found that a nickelide shell is quickly formed on the NW 

surface as the reaction started, and then grew evenly but slowly into the NW core with 

multiple nucleation sites and reaction interfaces under the metal pad. This is different from 

the single interface in elementary NW channels when the reaction extends outside the metal 

pad.[29,30] In the case of Ge/Si nanowire, as the reaction starts underneath the source/drain 

Ni pads, the Si shell will firstly be reacted to form a NiSiy shell before the Ge core is 

completely reacted to form a NixGe core. As a result, the NiSiy shell protrudes into the 

channel earlier than the NixGe core extends outside the Ni pad, resulting in a leading NiSiy 

reaction front (Figure 5.1 (c)). We therefore concluded that the NixGe core needs to 

protrude outside the metal pad and into the channel simultaneously with the NiSiy shell in 

order to balance and simultaneously grow the NixGe and NiSiy fronts. To validate this 

hypothesis, we carried out in situ heating experiments and monitored the dynamic reactions 

between Ni and Ge/Si NWs inside TEM as is schematically shown in Figure 5.2 (a)-(b). 

Figure 5.2 (c) shows the sequence of reactions near the Ni contact area. The Si shell had 
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been removed prior to Ni deposition by five cycles of oxidation (ambient environment, 1h) 

and oxide stripping (BOE 1:20 in deionized water, dip for 30s). We found that the left 

portion of the NW had a smaller diameter than its right portion due to the Si shell removal 

on the left. The reaction happened first in the Ge core and then gradually extended into the 

Ge/Si core/shell region. During this process, NixGe/NiSiy initially did not have a fixed 

interface on certain atomic planes of Ge/Si NW and the upper portion of the reacted NW 

extended further into the channel. Later, the NixGe/NiSiy compounds gradually started to 

react uniformly across the entire NW body, and the reaction fronts became flat for both 

NixGe and NiSiy at time t0+14 min. To validate that the reacted NixGe/NiSiy phases still had 

a flat front at very short channel lengths, we monitored the reaction in another Ge/Si NW at 

a channel length below 30 nm as shown in Figure 5.2 (d). The NixGe/NiSiy phases 

nucleated heterogeneously from one side of the NW near the surface and the nucleuses had 

a step height of multiple atomic layers on the Ge (111) planes as shown in the colored 

arrows overlaid on Figure 5.2 (d) panels. The NixGe/NiSiy reaction front remained flat 

during further reactions. 
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Figure 5.1. (a) TEM image of nickel germanide formation in a Ge NW, with high 
magnification TEM (HRTEM) image showing the NixGe/Ge interface. (b) TEM image of 
nickel silicide formation in a Si NW, with HRTEM image showing the NiSiy/Si interface. (c) 
TEM image of nickel germanide/silicide formation in a Ge/Si core/shell NW, with HRTEM 
image showing the protruded silicide shell than the germanide core. All three samples were 
annealed in RTA with forming gas (N2/H2) at 300 °C for 30 s. Low magnification TEM 
images share the same scale bar of 50 nm, and the scale bars for all HRTEM images are 5 nm. 
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Figure 5.2. (a)-(b) Schematics of NixGe/NiSiy contact formation in the Ge/Si NW before and 
after removing the Si shell at the metal contact area prior to Ni deposition, respectively. (c) 
HRTEM sequences from a Ge/Si NW showing the NixGe/NiSiy formation near the contact 
where the Si shell has been removed. (d) HRTEM sequences from another Ge/Si NW 
showing the flat NixGe/NiSiy front when approaching very short channel lengths. Scale bars 
are 5 nm. 
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5.4.2 Abrupt 2.7nm Ge/Si Channel and the Strain Evolution 

Using this fabrication process (Figure 5.2 (b)) and the in situ heating and 

monitoring method, we were able to control the reacted NixGe/NiSiy segment lengths and 

achieved a channel length of 2.7 nm that corresponds to 7 layers of Ge (111) atomic planes 

as shown in Figure 5.3 (a). Ultra-small channel lengths have been demonstrated in 

elementary NWs by similar compound contact reactions monitored in situ by TEM, such as 

8nm-channel in PtSi/Si/PtSi NW,[31] 15nm-channel in Cu3Ge/Ge/Cu3Ge NW,[32] and 2 

nm-channel in NiSi/Si/NiSi NW[33] but not in heterostructured NWs. EDX line-scan 

across the NW diameter in the reacted segment is summarized in Figure 5.3 (b). The high-

angle annular dark-field (HAADF) image is shown as an inset and its contrast contour is 

also plotted in Figure 5.3 (b) with the peak intensity normalized with the height of Ni 

signal counts. The profile width of the Ni signal-counts was close to that of the HAADF 

contour indicating the full reaction of the NW body with Ni. The profile width of Ge signal 

was narrower than that of Ni, suggesting that the Ge element was still limited to the core 

without any intermixing with the Si shell during the reaction with Ni, and that the shell had 

a thickness of ~ 2nm on each side. The EDX signal of the thin Si shell was barely detected 

and the Si3N4 TEM window underneath provided large background Si counts to which we 

performed the subtraction of the baseline thus resulting in nearly zero Si counts. 
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Figure 5.3. (a) HRTEM image of an ultra-short Ge/Si channel of 2.7 nm with NixGe/NiSiy 
contacts at both ends. (b) The EDX spectrum with line-scan across the NixGe/NiSiy contact, 
and insertion is the HAADF image.  

 

  



	
  

	
   145 

 

 
Figure 5.4. (a) HRTEM sequences that show the consecutive formation of NixGe/NiSiy 
contacts from both ends of the channel for reaching a very short-channel length. Scale bars 
are 5 nm. The highlighted HRTEM images show the flat reaction front of NixGe and NiSiy. 
Scale bars are 1 nm. (b) Plot of channel length as a function of time from the recorded in situ 
videos. (c) Plot of channel strain ( ε⊥ ) as a function of channel length with measurements 
from left interface, channel center, and right interface, respectively. 

  



	
  

	
   146 

At a few nanometer channel lengths, unprecedented levels of strains (along the 

channel direction) are expected from the 57% volume expansion due to the phase 

transformation from Ge to Ni2Ge, a phase that we will discuss its validation later in this 

work. To systematically investigate the channel strains at different lengths and their 

influence on the NixGe/NiSiy growth, we captured in-situ videos of the reactions at very 

short channel lengths with HRTEM as shown in Figure 5.4 (a). We noticed that the 

reaction fronts of NixGe/NiSiy remained aligned on Ge/Si (111) atomic planes and were 

perpendicular to the channel direction. Labeled on the left-most figure are the directions of 

the in-plane ( ε! ) and the out-of-plane ( ε⊥ ) uniaxial strains along the [111] channel 

direction.[34,35] The non-reacted channel length as a function of time exhibited a linear 

dependence (Figure 5.4 (b)) indicating that the kinetic reaction rate remains constant even 

with strain accumulation at the reaction front for such nanoscale channel lengths. The ε⊥  

were analyzed by measuring the inter-plane distances, both near the left and right interfaces 

of Ge/Si with NixGe/NiSiy compound contacts and at the center of Ge/Si channel, which are 

plotted in Figure 5.4 (c). Each data point was the average of three measurements (top, 

center and bottom) at the same distance (within 2 nm) from the NixGe/NiSiy interfaces or at 

the channel center. The interfacial ε⊥  showed an average value of 5% of compression at a 

channel length of 40 nm and gradually increased to ~ 10% of compression at a channel 

length of 3 nm. However, the ε⊥  at Ge/Si channel center showed a different behavior than 

the interfacial strains and remained below 1% of compression when channel length was 

larger than 10 nm. As the channel length reached 10 nm and smaller, the center of the 

overall channel saw a dramatic increase of compressive ε⊥ , and reaches to ~ 10.5% at 3 

nm channel length. Such a high channel strain is possible in nanowire channels due to the 
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greatly reduced Young’s modulus of the material in nanoscale.[36,37] Very high channel 

strain up to 12% of compression was also reported in 2 nm channels of NiSi/Si/NiSi 

NW.[33] Uniaxial strain is known to lift the valence-band degeneracy and lead to the 

crossover of heavy-hole (HH) and light-hole (LH) bands under compressive 

stresses.[38,39] As more holes populate the LH bands, the effective mass of holes is 

reduced leading to an enhanced hole mobility that boosts transistor performance. Mapping 

and evaluating the stress distributions within short NW transistor channel length becomes 

inevitable to design nanowire transistor channels below 10 nm. Future efforts will focus on 

the electrical characterization to quantify the strain effects and to improve the gate-

modulation over such small channel lengths.  

Finally, we examined the evolution of the compound phase formation and its 

interfacial correlation with the NW by analyzing the NixGe/NiSiy phases at different 

locations of a Ge/Si NW as shown in Figure 5.5.  
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Figure 5.5.TEM image of Ni2Ge/NiSiy contact formation in a Ge/Si core/shell NW, and the 
fast-Fourier transform (FFT) images showing the diffraction patterns at different locations of 
the nanowire that have been label on the TEM image. The scale bar is 50 nm. 
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To determine the phase of the formed germanide phase, we compared their lattice 

constants that were extracted from the FFT patterns with the known lattice constants of 

common NixGe and NiSiy phases.[40] We found that over this entire Ge/Si NW the 

germanide preserved the Ni2Ge phase that has an orthorhombic crystal structure with lattice 

constants of a=3.83 Å, b= 5.11 Å, c=7.26 Å. This NixGe (x=2) composition was also 

confirmed by EDX analysis on more than 5 NWs, which gave an average value of x = 2.09 

± 0.24. The Ni2Ge segments were generally polycrystalline with the crystal orientations 

slightly varying at different locations. As shown in Figure 5.5 (i-iii), when the crystal 

orientation changed from location i to location ii, the NW was accompanied by an abrupt 

change of diameter at location ii, while at location iii the NW diameter in unaltered as no 

further crystal-rotation happened. This similar behavior happened at transitions from 

location vi to location iv. The only difference is that transition i→iii occured inside the 

projected plane rotating along the zone axis of [111] , while transition vi→iv occurred out 

of the projected plane rotating along the [121]  direction that pointed upward. This i→iii 

crystal rotation was associated with an abrupt diameter change that could be observed in the 

projected NW image on the screen whereas the vi→iv crystal rotation was expected to also 

have a large diameter change in the direction that was normal to the projected NW image 

and therefore couldn’t be seen. Prior studies have shown that in Ni reaction with Si NWs, 

the diameter changes were observed in the reacted NiSiy regions due to the different 

compositions (y values, and therefore different volume expansions) in each 

segment.[11,41,42] In contrast, for the Ni reaction with Ge NWs, segregated nano-particles 

as opposed to diameter changes were observed at the surface of reacted NixGe region that 

are likely due to the instable native germanium oxide and the large lattice mismatch 
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between NixGe and Ge.[43] The interfacial correlations between Ni2Ge and Ge were also 

found to be different at the two sides of the Ge/Si channel. On the left side, the Ni2Ge/Ge 

followed a crystallographic relationship of Ni2Ge [121]  || Ge [220]  and Ni2Ge[111]  || Ge

[112] , while on the right side, the interface followed a different crystallographic 

relationship of Ni2Ge[121]  || Ge [220]  and Ni2Ge (111)  || Ge (111) . In both cases, the [121]  

direction of Ni2Ge was in parallel with Ge [220]  direction, due to the fact that the (121)

Ni2Ge inter-plane distance (2.04 Å) is very close to (220)Ge inter-plane distance (2.00 Å) 

with a lattice mismatch of 2%. Here, the NiSiy shell layer was too thin (~ 2 nm) to collect 

any diffraction patterns or to accurately measure the lattice spacing from HRTEM images 

for phase analysis. It is worth noting that the polycrystalline segments and abrupt diameter 

changes in the Ni2Ge are likely to reduce if the Ni pads were made closer in a shorter 

channel device. 

 

5.5 Conclusions 

In summary, we reported the systematic analysis of solid-state reactions between 

metal (Ni) and heterostructured (Ge/Si core/shell) NWs that exhibited a uniform and abrupt 

Ni2Ge/NiSiy to Ge/Si core/shell interface with an unreacted channel length of 2.7 nm. The 

in situ monitoring this thermally driven reaction under HRTEM allowed us to evaluate and 

monitor the strain evolution in ultra-short channel Ge/Si core/shell NWs. The interfacial 

strains between Ge/Si and NixGe/NiSiy compounds showed different ascending behaviors 

than the strains at the channel center, both of which exceeded 10% of compression below 3 
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nm unreacted Ge/Si core/shell NW. The formed NixGe/NiSiy compounds exhibited no 

intermixing between Ge and Si elements, and the phase of the reacted core is identified as 

Ni2Ge with polycrystalline structures. The high compressive strain may benefit the hole-

mobility for Ge/Si core/shell NW-FETs and the measured strain anisotropy could inform 

the design of sub 10 nm transistor channels. 

Most of chapter 5 was published in Applied Physics Letters 2017. R. Chen, B.-M. 

Nguyen, W. Tang, Y. Liu, J. Yoo, S. A. Dayeh. The dissertation author is the first author of 

this paper. 
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Chapter 6: Ongoing and Future Work 

 

6.1 The Ohmic Contacts to InGaAs with Solid-Phase-Regrowth Method 

In chapter 2 to chapter 4, we have discussed the nickelide contact formation in 

InGaAs Fin and nanowire channels. However, when fabricating and measuring the InGaAs 

FinFETs with nickelide contacts, my senior labmates have realized a low on-current which 

is limited by the high contact resistance, though the overall device performance was 

decent.[1] The reason of the high contact resistance here is related to three reasons: firstly, 

the as deposited Ni usually formed an amorphous intermixing layer in between the contact 

and the nanochannels, which has much higher contact resistance than a crystalline 

compound contact, as having been discussed in chapter 3.[2] Secondly, the crystalline 

nickelide contacts after annealing introduced compressive strains to the InGaAs channel, 

which opens up the energy band-gap at the interface and significantly reduces the tunneling 

currents, as discussed in chapter 2.[3] Thirdly, the nanoscale contact geometries also affect 

the energy band bending near the contact interface (chapter 1, section 1.3.1), which can also 

increase the contact resistance at low dimensions. Here, we adopted a method, called solid-

phase-regrowth (SPR),[4-8] in order to form Ohmic contacts to nanoscale InGaAs channels 

by introducing higher n-type dopants at the contact interface. This SPR contact formation 

process is schematically illustrated in Figure 6.1.  

During this SPR process, the contacting metal layer (usually Ni or Pd) first reacts 

with the underlying semiconductor material (usually III-V, and here InGaAs) at a fairly low 
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temperature (< 200 °C), forming a ternary or quaternary phase, depending on the III-V 

material. At a higher temperature (> 300 °C), this phase becomes unstable and decomposes, 

consequently having the out-diffusion metal atoms reacting with an adjacent group IV 

material (usually Si or Ge) to form a stable compound in contact with the III-V channel. 

This consumption of the reacting metal causes the regrowth of the III-V material, during 

which, the excess Ge or Si can act as n-type dopant to heavily dope the surface layer of this 

III-V channel. And the reaction formulas can be expressed as bellows: 

1st step of thermal anneal at a low temperature (< 200 °C) 

Pd + InGaAs → PdxInGaAs       (6-1) 

Pd + Si → Pd2Si        (6-2) 

2nd step of thermal anneal at a higher temperature (> 300 °C) 

PdxInGaAs + Si →Pd2Si + InGaAs [Si]     (6-3) 

 

 

 
Figure 6.1 Schematics of the two-step anneal processes of solid-phase-regrowth (SPR) 
contact formation to InGaAs. 
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In order to directly prove the SPR reactions and to optimize the contact formatting 

conditions, we carried out the in-situ heating TEM studies on InGaAs thin films with Pd 

and Si contacts. Firstly, a 50nm InGaAs film was transferred on insulator on Si substrate 

with the method described in chapter 2 and 3. Then, we deposited 20nm Pd and 50nm Si on 

top of the InGaAs film. Before depositing the Pd layer, we prepared two types of InGaAs 

surfaces, with or without removing the 1nm native oxide layer (shown schematically in 

Figure 6.2 (a)). TEM images in Figure 6.2 (b) and (c) show the cross-sectional views of 

these two types of sample. Without the native oxide layer (Figure 6.2 (b)), the Pd layer 

intermixed with InGaAs during e-beam deposition step due to the latent heat generated by 

the condensation of Pd atoms.  

While applying the heating in-situ on the InGaAs samples inside the TEM chamber, 

we were able to characterize the reactions at various temperatures (Figure 6.3). As shown 

in Figure 6.3 (a), the intermixed PdxInGaAs layer is amorphous, and there is no further 

reactions between Pd and InGaAs at 100 °C. In Figure 6.3 (e), the interfacial oxide layer 

prevents the intermixing to happen, and also blocks the Pd and InGaAs reaction at 100 °C. 

At 175 °C, the PdxInGaAs layer starts to grow thicker (Figure 6.3 (b)) with the non-reacted 

Pd diffusing into InGaAs layer. At the same time, Pd can also diffuse through the native 

oxide barrier and react with the InGaAs layer in the second type of sample (Figure 6.3 (f)). 

At the temperature of 300 °C, PdxInGaAs layers in both of samples start to decompose and 

regrow into crystalline InGaAs that is epitaxial with the non-reacted InGaAs substrate 

(Figure 6.3 (c) and (g)). However, when the temperature is elevated to 350 °C and above, 

the decomposing and regrowth rate significantly increases, and defects start to form in the 

regrown InGaAs layer (Figure 6.3 (d) and (h)).  
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Figure 6.2 (a) Schematics and (b)-(c) TEM images of SPR contacts (Pd and Si) on the 
transferred InGaAs thin film on Si substrate. There is an intestinally introduced interfacial 
oxide layer in between Pd and InGaAs in (c), not in (b). 
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Figure 6.3 Cross-sectional HRTEM images at different temperatures during the SPR contact 
reactions. (a)-(d) The sample without the interfacial oxide layer in between Pd and InGaAs. 
(e)-(h) The sample with the interfacial oxide layer in between Pd and InGaAs. 
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Table 6.1 Summary of the specific contact resistance (ρC) with various contact metals and 
annealing conditions. 

 

 

 
Figure 6.4 Transmission line measurement (TLM) of the SPR contacts on InGaAs. The (a) 
microscope image and (b) SEM image of the TLM metal pads with very smooth surface after 
annealing. (c) TLM characterization of 5 devices and the linear fitting of the resistance as a 
function of the gap distances. 

  

Metal Stacking Annealing Condition 
Electrical Measurements 

ρC (Ω-cm2) Rsheet (Ω/�) 

Ni 
120 nm 

non-annealed 1.78 x 10-3 63008 

350°C for 60s 3.20 x 10-2 156571 

Pd/Si/Pd/Ti/Au 
5/20/15/80/30 nm 

non-annealed 1.25 x 10-1 42507 

150°C 60s, 250°C 60s, and 330°C 60s 5.90 x 10-3 80263 

Pd/Ti/Au 
60/40/90 nm 

non-annealed 9.65 x 10-5 1073 

150°C 5min (Si cover) 2.83 x 10-5 880 

Pd/Ge/Pd/Ti/Au 
5/27.5/25/40/90 nm 

150’C 5min, 250’C 10min, and 350’C 20min 4.68 x 10-5 1188 

150’C 5min, 250’C 10min, and 350’C 20min (Ar) -- -- 

200’C 30s, 380’C 40s (Si cover) 8.67 x 10-5 1971 

150’C 5min, 250’C 10min, and 380’C 5min (Si cover) 1.70 x 10-4 1407 

Pd/Si/Pd/Ti/Au 
5/27.5/25/40/90 nm 

150’C 5min, 250’C 10min, and 350’C 5min (Si cover) 4.86 x 10-5 1047 

200’C 10min, and 350’C 5min (Si cover) 2.94 x 10-5 1042 

200’C 20min, and 350’C 10min (Si cover) 8.46 x 10-6 1042 

200’C 20min, and 350’C 10min (Si cover, repeated) 6.33 x 10-6 1091 

Pd/Si/Pd/Ti/Au 
10/27.5/20/40/90 nm 

200’C 20min, and 350’C 10min (Si cover) 4.00 x 10-6 1497 

200’C 20min, and 350’C 10min (Si cover, repeated) 8.37 x 10-6 1354 

Pd/Si/Pd/Ti/Au 
15/27.5/15/40/90 nm 

200’C 20min, and 350’C 10min (Si cover) 6.99 x 10-6 1714 

200’C 20min, and 350’C 10min (Si cover, repeated) 8.40 x 10-6 1452 
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We also studied the electrical properties of the SPR contacts using the transmission 

line measurement (TLM) method, in comparison to other metal contacts, such as Ni and Pd 

(Table 6.1). So far, the lowest specific contact resistance (ρC) was achieved in a SPR 

contact with the metal stacking layers of Pd/Si/Pd/Ti/Au = 10/27.5/20/40/90nm, after 

annealing at 200 °C for 20min and then 350 °C for 10min in forming gas ambient (5% H2 

in N2), with the value of ρC = 4 x 10-6 Ω-cm2 (Figure 6.4 (c)). As shown in Figure 6.4 (a) 

the metal surface looks shinning and smooth after annealing under the microscope. The 

SEM image in Figure 6.4 (b) also demonstrates the smooth metal surface, and there are no 

protruded PdxInGaAs reactions near the edge of the metal pads. Our next steps of work will 

be to further optimize the thicknesses of Pd and Si layers and the annealing conditions to 

reach a ρC in the range of 10-8 ~ 10-9 Ω-cm2. 

In the meanwhile, we also did the TLM characterizations in InGaAs nanowire 

channels, because the nanoscale contacts are our ultimate goal.  However, upon thermal 

anneal under the same condition as the planar devices, the metal Pd diffuses into the NW 

channel after the 2nd step of anneal, as shown in the segments of InGaAs NWs with brighter 

contrast in Figure 6.5 (a). To understand the reason and figure out the solutions, we prepare 

the cross-sectional TEM sample underneath the metal contact. As shown in Figure 6.5 (b), 

the NW has a nearly square-shaped cross-section, which is the PdxInGaAs without any 

regrowth of crystalline InGaAs. This is because, the lower Pd layer have relatively infinite 

supply than the finite InGaAs NW and therefore can continually diffuse into the InGaAs 

NW from places far away, which can be approved by the voids formed in the lower Pd 

layer in Figure 6.5 (b). 
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Figure 6.5 (a) SEM and (b) cross-sectional TEM images of the SPR contact on InGaAs NWs 
after annealing. 
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In order to achieve the successful regrowth in InGaAs NWs, we need to eliminate 

the infinite supply of Pd contact. One possible way is to pattern the very narrow SPR 

contact metals just on top of the NW channel, while to cover them with Ti and Au for the 

metal leads and for reducing the contact sheet resistance. However, we did multiple tests 

for these narrow SPR contacts, but none of them were successful. A directly patterning on 

to of the NWs requires extremely good alignment, and very good metal filling into the e-

beam resist pockets. A deposition and dry etching step was found to resulted in tapered 

SPR contacts and the underneath InGaAs NWs. Our next step of work is to try out a much 

thinner lower Pd layer and relatively thicker Si and top Pd layers, which holds promise in 

reducing the diffusion of lower Pd layer into the InGaAs NW.      

Future work of this project also includes optimizing the SPR contact layers and 

annealing conditions for the InGaAs NWs, to carry out the in-situ heating TEM studies of 

the SPR reactions in the NW cross-sections, and to correlate the structural studies with the 

electrical performance of these devices. 
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6.2 Improving the Intrinsic Linearity of AlGaN/GaN Fin MOS-HEMTs 

This is a collaborated project leading by my advisor, Prof. Shadi A. Dayeh, and my 

labmate, Woojin Choi. My role in this work focuses on developing the fabrication process 

for those FinFET devices. 

The objective of this project is to develop a novel intrinsically tunable high linearity 

AlGaN/GaN multi-Fin MOS-HEMT device that can deliver wideband linearity at low DC 

biases. The intrinsic device characteristics as a function of gate-source voltage in the novel 

device can be controllably synthesized in order to provide the desired linearity, along with 

high ft, fmax and low noise performance. 

Prof. Dayeh and Woojin have proposed this device scheme that comprises of 

multiple Fin channels whose threshold voltage can be individually tuned by width of the 

Fin-channel, WFin. Figure 6.6 (a) shows an exemplary schematic of the proposed device. 

For such a multi-Fin device, one can write: 

I(VGS) = α1I1(VGS-VT1) + α2I2(VGS-VT2) + … + αnIn(VGS-VTn)   (6-4) 

gm(VGS) = α1gm1(VGS-VT1) + α2 gm2(VGS-VT2) + … + αngmn(VGS-VTn)  (6-5) 

where αn is the number of channels for a family of Fins, n, with width WFin-n, and 

threshold voltage, VTn, where VTn > VTn-1 d. Therefore, two simple engineering knobs are 

present in the current device scheme to control the device linearity: WFin which controls the 

shift in the threshold voltage, VT, and the amplitude αn which controls the current output 

beyond a VT point. 
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Recently, there is a rise in interest in utilizing Fin HEMT devices to reduce the 

source access resistance and enhance the linearity,[9-11] but this linearity is not accessible 

at gate voltages beyond those at which the gate Schottky diode turns on (~ 2V). In contrast, 

our group proposed Fin MOS-HEMT devices permit flexible engineering of the device 

threshold voltage and attaining linearity over a wider VGS range. The concept is illustrated 

in Figure 6.6 (b) and (c), which show typical non-linear IDS (VGS) characteristics for 

individual Fins but a linearized transfer characteristics when a combination of Fins with 

different widths as outlined above. 

Noting that the IDS does not saturate beyond the gm roll-off voltage, especially for 

Fins, it would be required therefore to have multiple elements of larger current carrying 

Fins (wide), a few Fins with intermediate current capacity, and the largest number of small 

current capacity Fins (narrow). This situation is illustrated in Figure 6.6 (c) where such a 

combination can lead to linearization of the gm curve over ΔVGS = 8V. 
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Figure 6.6 Schematic illustration (Silvaco thermal equilibrium electrostatic simulation) of 
combining different Fin widths into a single device to achieve linear transfer characteristics in 
(b) and flattened transfer characteristics in (c). 
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To fabricate the AlGaN/GaN FinFETs, we start with a commercial wafer that has 

20nm undoped Al0.23Ga0.77N and 2um undoped GaN epitaxially grown on a Si (111) 

substrate through a GaN buffer layer, as shown in Figure 6.7 (a). Firstly, the Ohmic 

contacts of Ti/Al/Ni/Au were patterned on the wafer by photolithography and deposited by 

e-beam evaporation. Prior to the deposition, the AlGaN layer was removed by dry etching 

in the source/drain contact areas. Then, a thermal anneal was performed at 875 °C in N2 

ambient for 30s in order to reduce the contact resistance. Secondly, we used the e-beam 

lithography (EBL) to pattern the Fin channels with the e-beam resist of HSQ, which turned 

into SiO2 under e-beam exposure and acted as etching masks for the Fins. Then we etched 

the Fins by BCl3 and Cl2 based ICP/RIE process, with a targeted etching depth of 50nm. 

After removing the HSQ masks, we deposited 5nm of Al2O3 with ALD as the gate 

dielectric layer. Then, the metal gate lines were patterned by EBL with a gate length of 

50nm and deposited with 30nm of Ni and 70nm of Au. Finally, the other bigger contact 

pads were patterned by photolithography and deposited with Ti/Au.  

During this fabrication, several challenges were faced and successfully resolved. 

For example, this fabrication process involves multiple steps of photolithography and e-

beam lithography and therefore requires extremely good alignment in between each step. 

However, in our first several attempts, we noticed that any conventionally used metal 

markers diffused into GaN during the Ohmic metal anneal at 875 °C. This challenge was 

resolved by etching cross-shaped grooves into the AlGaN/GaN substrate (shown in Figure 

6.8 (a)), and by using these etched grooves as the alignment markers in all the following 

steps. Another challenge during the device fabrication is related to the uniformity of Fin 

structures in the EBL step. As shown in Figure 6.8 (b), the test EBL structures were well 
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patterned with Fin widths varying from 40nm to 300nm. However, when patterning 

multiple Fins in between large source and drain pads, the results were not as desired. With a 

smaller dose, Fins were bared found in between the source/drain pads, while with a larger 

dose, source and drain pads merged together. To solve this problem, we utilized the 

approximate effect correction (PEC) function in the BEAMER software to assign different 

e-beam dosages at different locations according to their approximate positions. Finally, the 

EBL writing gave very uniform Fin structures over a large region. 

 

 
Figure 6.7 (a) Cross-sectional schematic of the AlGaN/GaN epitaxial layers grown on Si 
substrate. (b) The fabrication flow and (c) the schematics of fabrication steps. 
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Figure 6.8 Challenges and corresponding solutions during the AlGaN/GaN FinFETs 
fabrications. (a) Etched grooves on AlGaN/GaN layers as alignment markers. (b) The 
proximate effect correction (PEC) of the e-beam writing dosage for uniform 
patterning of multiple Fins. 
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After successfully fabricating those FinFETs, we firstly investigated the Fin width 

dependence of the device performance. As we can see from Figure 6.9 (a), the threshold 

voltage (Vt) increases at smaller Fin widths following a hyperbola trend, which can be 

fitted with y ∝1 x1.22 . For planar device geometry, the Vt = -4.62V, and there is no much 

differences between the horizontal devices and the vertical devices. Similarly, in Figure 6.9 

(b), the maxim transconductance (gm-max) also increases at smaller Fin widths, with the 

fitting curve close to y ∝1 x1.44 . All those measurements were done at Vds = 4V, and those 

devices were found to have very small values of the inversed sub-threshold slopes (SS-1), 

which are in the range of 77.7 ± 11.6 mV/dec, as shown in Figure 6.9 (c).  

On the other hand, we also studied the effects of Fin widths and gate positions on 

the gm flatness. Shown in Figure 6.10 (a) is the overall layout of the device, with source, 

drain and gate labeled on the figure. The gate-to-source length (Lgs) characterizes the 

distance in between the source Ohmic metal and the gate metal line (Figure 6.10 (b)), and 

is designed to be 500nm in comparison to the 2um source-to-drain distance, in order to 

reduce the source access resistance. The Fin channels are lying underneath the gated area. 

As shown in Figure 6.10 (c), the normalized current (Ids) and gm for smaller Fin channels 

are generally larger, and that the gm peaked at a higher gate voltage (Vgs). This limits the 

flatness of gm under our defined Vgs range from -6V to 4V, above which the gate dielectric 

may break down. At the same time, for much larger Fin channels (> 200nm), we saw a 

rapid decrease of the gm curve after its peak value. For the 100nm wide Fins, we found the 

widest gm flatness across the gate voltages of ΔVgs ≈ 5V.  
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Figure 6.9 Device characteristics, including (a) Vt, (b) gm-max, and (c) SS-1 as a function of Fin 
widths. All measurements were done at Vds = 4 V.  
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Figure 6.10 The effects of Fin widths and gate positions on the gm flatness. (a) SEM image 
and (b) schematic of the overall device structure. (c) Id-Vg (blue curves) and gm-Vgs (red 
curves) characteristics with different Fin widths. (d) Ids-Vg (blue curves) and gm-Vgs (red 
curves) characteristics with different gate positions. All these measurements were done at Vds 
= 4V with Lgs = 500nm, and the Id and gm values are normalized to the Fin widths and the 
number of Fins. 
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We also designed the metal gate lines at different positions on the Fin channels, as 

shown in Figure 6.10 (d). If the gate is overlapping with the planar region on either the 

source or drain side, the gm-max will decrease, due to the less electro-statistic control to the 

channel. However, the gm flatness is good for samples with gate positions at either the 

center location or the drain overlapping location. Considering both the flatness and the 

magnitude of gm curves, the center gate position will be favorable. In the future designs, it 

will be good to further minimize the Lgd lengths. 

For the future work of this project, my labmate, Woojin, is working on synthesizing 

the linear gm by the combination of several different Fin widths with certain weighting of 

their numbers, as illustrated in equation 6-4 and 6-5, and in in Figure 6.6. With to the 

synthesized results, we will work on the design and fabrication of these AlGaN/GaN multi-

Fin MOS-HEMT devices, in order to achieve wideband linearity at low DC biases. 
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Appendix 

Appendix I. Derivation of Diffusion Model 

The fluxes of Ni atoms in the three processes as shown in Figure 2.5, can be 

expressed as: 

F1 = kdissolve(CNi/Nickelide
eq −C0 ) ⋅(w + 2H ) ⋅Lb      (AI.1) 

F2 = −DNi
CL −C0

LNickelide(t)
⋅X         (AI.2) 

F3 = kgrowth (CL −CNickelide/InGaAs
eq ) ⋅hw        (AI.3) 

 

Under steady state condition, F1=F2=F3=F:         

F = kdissolve(CNi/Nickelide
eq −C0 ) ⋅(w + 2H ) ⋅Lb = −DNi

CL −C0
LNickelide(t)

⋅X = kgrowth (CL −CNickelide/InGaAs
eq ) ⋅hw

  

(AI.4) 

Hence:  

F = CNi/Nickelide
eq −CNickelide/InGaAs

eq

1
kdissolve ⋅(w + 2H ) ⋅Lb

+ LNickelide(t)
DNi ⋅X

+ 1
kgrowth ⋅hw .    (AI.5) 

Because of mass conservation,  

X =
H ⋅w Volume Diffusion

2(H +w) ⋅δ Surface Diffusion

⎧
⎨
⎪

⎩⎪
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Hw ⋅ dLNickelide(t)
dt

= F ⋅ MNickelide

NA ⋅ρNickelide

,      (AI.6)  

and assuming that P = MNickelide

NA ⋅ ρNickelide

⋅(CNi/Nickelide
eq −CNickelide/InGaAs

eq ) ,   (AI.7) 

we can write,  

dLNickelide(t)
dt

= P
Hw

kdissolve(w + 2H )Lb
+ Hw
DNi ⋅X

⋅LNickelide(t)+
H

kgrowthh

.  (AI.8) 

 

To gain intuitive insights into the functional dependence of the dominant growth-

limiting step, we solve the time-dependent equation by considering each limiting step 

separately. Namely, 

(i) If Ni dissolution at the Ni/nickelide interface is the rate limiting step:  

dLNickelide(t)
dt

≈ P ⋅kdissolve(
1
H

+ 2
w
)Lb , therefore: LNickelide(t) = kdissolve(

1
H

+ 2
w
)LbP ⋅ t . (AI.9) 

(ii) If nickelide growth at the nickelide/InGaAs interface is the rate limiting step: 

dLNickelide(t)
dt

≈ P ⋅kgrowth
h
H

, therefore: LNickelide(t) = kgrowth
h
H
P ⋅ t .  (AI.10) 

(iii) If the Ni diffusion in the reacted nickelide region is the rate limiting step: 

dLNickelide(t)
dt

≈ P ⋅ DNi ⋅X
Hw

⋅LNickelide(t) , and this can be evaluated in for two regimes:  
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(a) a volume diffusion regime for which:  

LNickelide(t) = 2PDNi ⋅ t
1
2 .    (AI.11) 

(b) and a surface diffusion regime for which:  

LNickelide(t) = 4PDNiδ ⋅ 1
w
+ 1
H

⎛
⎝⎜

⎞
⎠⎟ ⋅ t

1
2  .   (AI.12) 
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Appendix II. Strain-induced Energy Band-edge Shift 

Based on deformation potentials obtained from local-density-functional theory, the 

strain-induced shift in band-edge energies can be calculated according to:[1]  

Ec = Ec
0 + ac

ΔΩ
Ω

, Ev,av = Ev,av
0 + av

ΔΩ
Ω     (AII.1) 

Ev
0 = Ev,av

0 + Δ0

3
      (AII.2) 

where, the Ec  and Ev,av  are conduction band-edge energy and averaged valence band-edge 

energy (considering light hole Elh , heavy hole Ehh , and the split-off Eso  bands). ac  and av  

are the deformation potentials for conduction band and valence band respectively, and Δ0  

is the spin-orbit split-off energy. ΔΩ
Ω

 is the fractional volume change, and can be 

expressed as: 

 

ΔΩ
Ω

= Tr(
!
ε ) = ε xx + ε yy + ε zz = 2ε" + ε⊥

.    (AII.3)
 

In the presence of shear strain, ε xy , the degeneracy of Ehh  and Elh  at the Γ-point is 

lifted. For strain along [111] direction, Ehh , Elh , and Eso can be calculated with respect to 

the Ev,av  according to: 

Ehh = Ev,av +
1
3
Δ0 −

1
2
δE111 ,      (AII.4) 
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Elh = Ev,av −
1
6
Δ0 +

1
4
δE111 +

1
2

Δ0
2 + Δ0δE111 +

9
4
(δE111)

2 ,   (AII.5) 

and,
 

Eso = Ev,av −
1
6
Δ0 +

1
4
δE111 −

1
2

Δ0
2 + Δ0δE111 +

9
4
(δE111)

2 .   (AII.6) 

In these equations, δE111  is given by: 

 δE111 = 2 3d ⋅ε xy        (AII.7) 

where d is the shear deformation potential. 

We designate the unstrained valence band-edge as the reference energy such that 

Ec
0 = Eg

0 = 0.75eV  and Ev
0 = 0eV  for In0.53Ga0.47As.[2] The values of  ε!  and ε⊥ are 

imported from Figure 8e, as a function of position along the channel. ac , av , d, and Δ0  can 

be obtained by linear interpolation from those of InAs and GaAs as listed in the table 

below. The resulting band-edge energies for Ec , Ev , Ehh , Elh , and Eso  are then calculated 

and plotted in Figure 2.11 (f).  

 

Table AII.1. Deformation potentials of In0.53Ga0.47As, calculated by linear interpolation from 
well know values for InAs and GaAs.[1] 

 ac  (eV) av (eV) Δ0 (eV) d (eV) 
GaAs -7.17 1.16 0.34 -4.23 
InAs -5.08 1.0 0.38 -3.1 

In0.53Ga0.47As 
(Calculated) 

-6.062 1.075 0.361 -3.631 

 
  



	
  

	
   180 

Appendix III. Origin of the Intermixing Layer in Between As-deposited Ni and 

InGaAs 

There are several possible reasons that may cause the intermixing between as-

deposited Ni and InGaAs, including chamber overheating during evaporation, ion-beam-

induced metal-semiconductor reaction,[3,4] or latent heat released from the condensation of 

metal atoms from vapor phase,[5,6] which we validated to be the cause below. 

Firstly, we deposited the Ni in our experiments with an electron-beam evaporator 

with a total thickness of 100nm. Ni was deposited slowly (0.7 Å/s) to prevent exaggerated 

stress and overheating, and the chamber was cooled down for 30min halfway after the 

deposition of the first 50nm of Ni. We also did a control experiment by depositing Ni by 

sputtering at room temperature where the surface pre-deposition treatments for InGaAs 

were similar to those samples that underwent electron-beam evaporation. The results are 

shown in Figure AIII.1, with very similar interfacial structures as those with e-beam 

evaporated Ni, indicating that the Ni-InGaAs intermixing layer was not introduced by over-

heating in the electron-beam evaporation chamber.  

Similarly, we excluded the possibility of ion-beam-induced metal-semiconductor 

reaction, also called ion-beam mixing, by processing FIB milling in a tilted angle (shown in 

Figure AIII.2). Here, the Ni layer was deposited on two ends of InGaAs channel with HCl 

treated surface (no surface oxides present). After FIB milling, the interface structures were 

characterized under TEM. We found that the Ni-InGaAs intermixing layers were identical 

on both sides, and that both of them extended slightly out of the edge of Ni contacts. Ion-

beam mixing is usually caused by penetrating energetic ions through the interface between 



	
  

	
   181 

a metal-film and semiconductor, overcoming equilibrium constraints in localized regions, 

and forcing atomic rearrangement, which will be localized and directional. This is 

contradictory to our observations here. 

 

 

Figure AIII.1. Comparison of interfacial structures when Ni deposited by sputtering. a, TEM 
and HRTEM images of type (i) specimen at the interface between Ni and InGaAs film. The 
light contrast layer at the interface, i.e. InGaAs surface oxide layer, has a uniform thickness of 
1.88 ± 0.14 nm. b, TEM and HRTEM images of type (ii) specimen at the interface between 
Ni and InGaAs film. The amorphous layer at the interface, i.e. Ni and InGaAs intermixing 
layer, has a nearly uniform thickness of 3.77 ± 0.81 nm.  
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The third possibility is that the latent heat released from the condensation of metal 

atoms from vapor phase. In fact, when a metal and a semiconductor are brought in contact 

at room temperature, an intermixing layer can be readily formed between them due to the 

screening coulomb interaction by free electrons in the metal, which weakens the covalent 

bonding energy at the semiconductor surface.[7,8] However, the intermixing layer due to 

electron screening is usually a monolayer or two thick. It has been previously observed that 

the as-deposited metal on semiconductor can introduce thicker (few nanometers) 

amorphous intermixture caused by the negative heat (latent heat) from metal condensation. 

The amorphous interfacial layers between the deposited metal and semiconductor were also 

observed in other metal/III-V systems.[9,10] 
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Figure AIII.2. Interfacial structures when specimen is milled by FIB in a tilted angle. TEM 
images of a type (ii) specimen in which Ni contacts were deposited at two ends of the InGaAs 
channel. The specimen was milled by FIB in a tilted angle in the direction of the red arrows in 
the top panel. Zoomed in TEM images show identical Ni-InGaAs intermixing layers on both 
sides, and both intermixing layers extended slightly out of the edge of Ni contacts. The 
evolution of the nickelide extended region to the right from the left contact indicates that the 
Ni-InGaAs intermixing is not introduced by the directional ion-beam induced mixing 
(directed to the left of the sample). 
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Appendix IV. Derivation of the Diffusion Model in Nanowire Cross-section 

The fluxes of Ni atoms in the three processes as shown in Figure 3.7, can be 

expressed as: 

F1 = kdissolve(CNi/Nickelide
eq −CR ) ⋅2πRh = kdissolve(CNi/Nickelide

eq −CR ) ⋅hL   (AIV.1) 

F2 = DNi Cr −CR( ) ⋅2πh ⋅ ln r(t)
R( )⎡

⎣⎢
⎤
⎦⎥

−1

= DNi Cr −CR( ) ⋅2πh ⋅ ln l(t)
L( )⎡

⎣⎢
⎤
⎦⎥

−1

 (AIV.2) 

F3 = kgrowth (Cr −CNickelide/InGaAs
eq ) ⋅2πr(t)h = kgrowth (Cr −CNickelide/InGaAs

eq ) ⋅hl(t)  (AIV.3) 

where  and  are the rate constants for Ni dissolution and nickelide 

growth respectively.  and  represents the equilibrium and instant Ni 

concentrations across the Ni/nickelide interface.  and  denotes the instant 

and equilibrium Ni concentrations across the nickelide/In0.53Ga0.47As interface. 

 

kdissolve kgrowth

CNi/Nickelide
eq CR

Cr CNickelide/InGaAs
eq

Derivation of equitation F2: 

Considering Fick’s first law of diffusion in cylindrical coordinates, we can write: 

. 

The Ni atomic flux can be expressed as , pointing to the core. 

Integration of the equation  across the entire nickelide region yields:  

 

Therefore, we can write:  

,  
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Under steady state condition, F1=F2=F3=F, we can obtain a characteristic equation 

of the reaction as follows:         

F = kdissolve(CNi/Nickelide
eq −CR ) ⋅hL = DNi Cr −CR( ) ⋅2πh ⋅ ln l(t)

L( )⎡
⎣⎢

⎤
⎦⎥

−1

= kgrowth (Cr −CNickelide/InGaAs
eq ) ⋅hl(t) , 

           (AIV.4) 

hence:  

F = CNi/Nickelide
eq −CNickelide/InGaAs

eq

1
kdissolve ⋅hL

−
ln l(t)

L( )
DNi ⋅2πh

+ 1
kgrowth ⋅hl(t)

.    (AIV.5) 

Because of mass conservation,  

F ⋅ MNickelide

NA ⋅ ρNickelide

= −2πr(t)h ⋅ dr(t)
dt

= − hl(t)
2π

⋅ dl(t)
dt

   (AIV.6) 

and assuming that P = 2πMNickelide

NA ⋅ ρNickelide

⋅(CNi/Nickelide
eq −CNickelide/InGaAs

eq )    (AIV.7) 

we can write,  

dl(t)
dt

= − P

l(t)
kdissolveL

−
l(t) ⋅ ln l(t)

L( )
2πDNi

+ 1
kgrowth     

(AIV.8) 

Here, the three terms in the denominator represent three rate-limiting mechanisms. 

If these three rate-limiting mechanisms are separately considered, the differential equation 

can be solved. 
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(i) If Ni dissolution at the Ni/nickelide interface is the rate-limiting step, we obtain:  

dl(t)
dt

≈ − P ⋅kdissolveL
l(t)

,   therefore: l(t) = L2 − 2kdissolveLP ⋅ t .  (AIV.9) 

 (ii) If nickelide growth at the nickelide/InGaAs interface is the rate-limiting step, we 

obtain: 

dl(t)
dt

≈ −P ⋅ kgrowth ,   therefore: l(t) = L − kgrowthP ⋅ t .  (AIV.10) 

(iii) If the Ni diffusion in the reacted nickelide region is the rate-limiting step, we obtain: 

dl(t)
dt

≈ P ⋅ 2πDNi

l(t) ⋅ ln l(t)
L( ) ,  therefore: 2l(t)2 ln l(t)

L( ) + L2 − l(t)2 = 8πDNiP ⋅ t . 

(AIV.11) 

 

  

Solution of the Differential equation AIV.11: 

To solve the equation ,  

we can assume , and then obtain . 

We then perform integration of this equation across the entire nickelide region: 

 

Using known integrals for logarithmic functions, , we 

obtain: 

,  
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Appendix V. Discussions of the potential beam-effects on our in-situ TEM 

observations 

The incident beam in TEM carries energetic electrons that can interact with 

specimen materials through elastic and inelastic scatterings.[11] During these interactions, 

electrons may cause momentum change of specimen atoms, leading to atomic displacement 

and structural defects, or transfer energy to the specimen materials. The typically concerned 

beam effects during TEM imaging and recording include knock-on damage, beam-induced 

coalescence, and local heating.[12]  

The knock-on damages are generally observed as defects (e.g. dislocations, voids, 

and bubbles) and structural changes (e.g. crystalline-to-amorphous or order-to-disorder 

phase transitions).[13] In order to see these phenomena, most of the (electron or ion) 

irradiation studies were carried out under very high voltages (1~3 MV).[14] Here in our in-

situ study, the TEM system was operated at 300kV and a minimal electron dose for 

HRTEM imaging. The electron beam was never focused on the interested area of the 

specimen. Therefore, none of these beam-induced damages were observed.    

Beam-induced coalescence and local heating effect are largely concerned for 

specimen in liquid phases,[15] and reactions can be stimulated by electron-beam in liquid-

cell TEM studies though energy transfer in between electron-beam and the 

specimen.[16,17] However, in in-situ TEM studies of solid-state reactions (as in our case), 

such beam effects have not been found to influence the reaction under moderate imaging 

conditions.[18,19] Though beam-heating may raise the local temperatures, calculations 

indicate only a small temperature rise (a few degrees or less) on solid specimens with good 
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thermal conductivities.[11] This small temperature variations in a local area will be alter 

our observed phase transformations, as the nickelide phase was generally reported stable 

over a large temperature range (230 ~ 450 °C).[20] 

Ex-situ reactions are generally used as a validation to exclude the beam effect.[21] 

In our prior ex-situ heating study,[22] the same nickelide phase (Ni2In0.53Ga0.47As) was 

observed at a RTA temperature of 300 °C, in which however, no detailed ledge movement 

behaviors could be observed without in-situ observations. Therefore, we conclude that the 

reported InGaAs to nickelide phase transformation in this work was mainly dominated by 

the thermally driven Ni-InGaAs solid-state reaction, with negligible effect from the 

electron-beam irradiations. 
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Appendix VI. Derivation of the Nucleation Model at Nanowire/Nickelide 

Interface 

Considering a classic nucleus with disc shape on the InGaAs/nickelide interface, 

heterogeneous and homogeneous nuclei are schematically illustrated in Figure AVI.1. 

 

 
Figure AVI.1. Schematics of heterogeneous and homogeneous nuclei with disc shape with 
interfacial forces that determine the contact angle θ. 

 

(1) Thermodynamic considerations 

In the heterogeneous nucleation situation, the total change in the system free energy 

is: 

ΔGhetero = −Δg ⋅Vdisc + γ ⋅Sdisc−side + (γ nickelide/oxide −γ InGaAs/oxide ) ⋅Sflat−side + Estrain ⋅Vdisc  (AVI.1) 

where Δg  is the nickelide formation energy, γ  is the average InGaAs/nickelide interfacial 

energy, γ nickelide/oxide  and γ InGaAs/oxide  are the interfacial energies of nickelide/oxide and 

InGaAs/oxide respectively, and Estrain  is the elastic strain energy for the nickelide nucleus. 

Here, 



	
  

	
   190 

Vdisc = πr
2h ⋅ 2θ
2π

+ r2 sin(π −θ )cos(π −θ )h = r2h ⋅ θ − sinθ cosθ( )   (AVI.2) 

Sdisc−side = 2πrh ⋅
2θ
2π

= 2θrh        (AVI.3) 

Sflat−side = 2rhsin(π −θ ) = 2rhsinθ       (AVI.4) 

We also have the Young’s equation of:  

γ nickelide/oxide −γ InGaAs/oxide = γ ⋅cos(π −θ )      (AVI.5) 

Therefore, 

ΔGhetero = (Estrain − Δg) ⋅r2h ⋅ θ − sinθ cosθ( ) + γ ⋅2rh ⋅ θ − sinθ cosθ( )  (AVI.6) 

As critical nucleus size can be calculated at the peak of the energy barrier, 

∂ΔGhetero

∂r r=r*
= 0 , and therefore r* = γ

Δg − Estrain

.     (AVI.7) 

By substituting r* into equation AV.6, the energy barrier for heterogeneous 

nucleation can be obtained as, 

ΔG*
hetero =

γ 2h
Δg − Estrain

⋅ θ − sinθ cosθ( ) .     (AVI.8) 

Homogeneous nucleation is equivalent to the case when θ = π , for which,  

ΔG*
hetero

ΔG*
homo

= θ − sinθ cosθ
π

.       (AVI.9) 
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 (2) Kinetic considerations 

The nucleation rate[23] can be characterized as: 

R =ωC exp − ΔGD

kT
⎛
⎝⎜

⎞
⎠⎟ exp − ΔG*

kT
⎛
⎝⎜

⎞
⎠⎟

      (AVI.10) 

where ω is the frequency related to atomic vibrations, C is the concentration of critical 

sized nucleus, ΔGD is the activation energy for Ni atoms to diffuse to the reaction interface, 

and ΔG* is the energy barrier for nucleus. 

Therefore, 

Rhetero
Rhomo

= Chetero

Chomo

exp ΔGD
volume − ΔGD

surface

kT
⎛
⎝⎜

⎞
⎠⎟
exp ΔG*

homo − ΔG*
hetero

kT
⎛
⎝⎜

⎞
⎠⎟

  (AVI.11) 

In our previous study,[22] we extracted the value of activation energy for volume 

diffusion and surface diffusion from Arrhenius plots and obtained: 

ΔGD
volume = 1.25 eV , and ΔGD

surface = 1.14 eV  

We also know that the surface diffusion is related to the mono-layer atoms at the 

surface, while the volume diffusion is related to the entire channel cross-section. Therefore, 

Chetero

Chomo

≈ 30nm × 0.588nm
30nm × 35nm

= 0.0168 .      (AVI.12) 

Also, Rhetero
Rhomo

≈1.26exp ΔG*
homo − ΔG*

hetero

kT
⎛
⎝⎜

⎞
⎠⎟

      (AVI.13) 
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