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ABSTRACT OF THE DISSERTATION 

 

Kinetic Competition Growth Mechanism and Phase Manipulation  

of Silicide Nanowires in Solid State Reaction 

 

by 

Yu Chen 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2014 

Professor Yu Huang, Chair 

 

The first phase selection and the phase formation sequence between metal and silicon 

(Si) couples are indispensably significant to microelectronics. With increasing scaling of 

device dimension to nano regime, established thermodynamic models in bulk and thin film 

fail to apply in one dimensional (1-D) nanostructures. Herein, we use a kinetic competition 

model to explain the phase formation sequence of 1-D nickel (Ni) silicides: multiple Ni 

silicides coexist at the initial stage and then the fastest one wins out as the first phase in a 

following growth competition. With kinetic parameters extracted from in-situ transmission 

electron microscope (TEM) observations, we quantitatively explain the unique size 
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dependant first phase formation and the phase formation sequence changes in 1-D structures. 

We can further control the first phase by selectively enhancing or suppressing the growth 

rate of silicides through template structure modifications. Growth rate diffusion limited 

phases can be greatly enhanced in a porous Si nanowire (NW) template due to short 

diffusion paths. On the other hand, a thick aluminum oxide (Al2O3) shell around the NW is 

applied to impede the growth of large volume diffusion limited phases including Ni31Si12, 

δ-Ni2Si and θ-Ni2Si. Moreover, a thin platinum (Pt) interlayer between Si and Ni is used to 

suppress the nucleation of NiSi2. Together, with the thick shell and Pt interlayer, we can 

suppress all competing silicides and render slow growing NiSi to form as the first phase. The 

resistivity of Pt doped NiSi (denoted as Ni(Pt)Si) NW are found compatible to pure NiSi 

from a two terminal and four terminal measurement. Controlled formation of Ni31Si12, 

δ-Ni2Si, θ-Ni2Si, NiSi or NiSi2 as the first phase has also been achieved. To examine the 

kinetic competition model, 1-D cobalt (Co) and palladium (Pd) silicide formations are also 

studied and analyzed kinetically. A thick shell is found effective to suppress the Pd silicide 

NW broken at the interface. 
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Chapter 1 Introduction  

Size does matter. In low dimensional nanostructures, unique material properties and 

superior functions are available due to size and geometry effect. For example, low 

temperature superplasticity has been reported in nanocrystalline nickel, aluminum alloy and 

nickel aluminide due to their suppressed grain boundary sliding and thus less deformation 

within nanograined structures.1 Thermal conductivity of Si NW has also been found much 

lower than that in bulk Si while its Seebeck coefficient and resistivity remain similar2 which 

makes Si NW a good thermal electric material due to size and geometry effect. While many 

unique properties of nanostructured materials have been discovered and interrogated 

extensively in the past few decades,3–5 fundamental material processes at this scale leave 

much to be desired for. For instance, nanoscale Si electronics have attracted much attention, 

wherein the contact engineering is of paramount importance leading to reliable and high 

device performance at this scale.6–8 The thermodynamics and kinetics properties of metallic 

silicide phases have been extensively studied in two-dimensional (2-D, thin film) and 

three-dimensional (3-D, bulk) structures for its significance in microelectronic 

applications.9–11 NiSi, the most conductive silicide, have served as nanocontacts in integrated 

circuits due to its low resistivity, high current densities, clean interface with Si, shallow 

trench and compatibility to self alignment silicide process (salicide).12 However, during the 

annealing to fabricate NiSi contacts, other high resistive Ni silicides including Ni3Si, Ni31Si12, 
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θ-Ni2Si, δ-Ni2Si, Ni3Si2 and NiSi2 could also form in the solid state reaction and degrade the 

performance.12 Therefore, to manufacture repeatable, high quality and high yields of NiSi 

nanocontacts, it is very important to understand the fundamental phase transformation 

mechanism and to control the NiSi formation. 

In thin-film and bulk structures, the binary element silicide phase formation sequences and 

the first formed silicide phases are predicted by several models. In 1976, Walser and Bené 

proposed a thermodynamic model to predict the first phases of silicide systems.13 They 

supposed the first phase is the one with largest free energy drop in the phase transformation. 

In their words, “The first compound nucleated in planar binary reaction couples is the most 

stable congruently melting compound adjacent to the lowest-temperature eutectic on the bulk 

equilibrium phase diagram.” This model successfully explains the first phase formation in 67 

binary silicide systems (of which are 84 in total.) However, it does not consider the real 

atomic concentration of metal and Si at the growth interface which is not always equal to the 

final composition ratio in silicides. Therefore, there is an extra diffusion process required for 

the limited element to diffuse to the interface which may suppress the thermodynamic 

favorable phase to nucleate. Pretorius et al. thus introduced the concept of effective heat of 

formation model to modify Walser and Bené’s model.14–17 In Pretorius’s model, formation 

heat (enthalphy, ΔH0) was used as estimation to the free energy (ΔG) which is reasonable in 
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solid state reaction due to little entropy changes. The definition of the effective heat is as 

follow: 

ΔHeff  = ΔH0 ×
effective  concentration  of  limiting  element

composition  concentration  of  limiting  element
 

Here, effective concentration of limiting element is its actual atomic concentration at the 

growth interface. Pretorius used the concentration at the minimum liquidius in phase diagram 

to approach the real concentration at the metal/Si interface. And, to further consider the 

difficulty of phases with high nucleation barrier to appear, the non-congruent phases are ruled 

out from the first phase candidate list. Pretorius’s model successfully predicted more of the 

first phase formation in silicide systems than Walser and Bené’s model. However, as it comes 

to Ni-Si system, the predicted first phase NiSi (-39.4 kJ/mole) is conflict with the 

experimentally observed first phase: δ-Ni2Si (-37.6 kJ/mole). Although the small difference in 

effective formation heat between these two phases could fall in the estimation error range, the 

effective heat of formation model still does not consider the kinetic obstacles and cannot 

explain the disappearance of thermodynamic favorable phases. A kinetic model is thus 

required to explain the phase formation. 

Gosele et al. and d’Heurle et al. explained the first formed phase from the kinetics 

theories.18,19 The kinetic model assumes all phases could simultaneously grow at the initial 

stage as individual domains next to each other. The first formed phase is the one with the 

fastest growth rate (i.e. fastest supply of diffusive atoms, Ni in Ni-Si case) which will 
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consume the slower growth phases. For Ni-Si system, δ-Ni2Si forms as the first phase due to 

its lower kinetic barrier and higher diffusivity for Ni to diffuse in δ-Ni2Si which provides 

faster Ni supply to δ-Ni2Si growth fronts. After δ-Ni2Si grows out, the appearance of the 

second phase will have to wait until δ-Ni2Si reaches a critical thickness about 2 μm, above 

which the second phase could form and grows with δ-Ni2Si simultaneously. The kinetic 

model successfully predicts the first phases in many 2-D silicide systems including Ni-Si and 

explains the following phase transformation.  

In thin film structure, the reported experiment results exhibit a famous formation 

sequence of Ni silicide: δ-Ni2Si normally forms as the first phase at 200-350 ℃ and then 

reacts with underneath Si to form NiSi at 350-750 ℃. Above 750-1000 ℃, NiSi will transfer 

into a high temperature phase NiSi2 which is very stable and will not reversely transfer to 

NiSi and Si even when it is cooled again.20,21 However, the Ni silicide phase formation 

sequence and the first formed phase are found altered in 1-D nanostructures. θ-Ni2Si, NiSi 

and NiSi2 (instead of δ-Ni2Si) have been reported to form as the first phase in 1-D structures 

from many groups.22–25 Of most of these studies, NiSi2, known as a nucleation controlled 

phase in 2-D structures and usually appears at above 750 ℃, takes over the conventional first 

phase δ-Ni2Si and becomes the dominating first phase at 300-800 ℃. Lu et al., found NiSi 

forms as the first phase in a point contact structure.
26
 Dellas et al. reported the NW orientation 

dependant first phase formation at 350-700 ℃ with θ-Ni2Si, NiSi and NiSi2 observed as the 
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first phases under different conditions.27 The phase formation sequence alternation may be 

attributed to the unique kinetics behaviours in 1-D structures. 

Very interestingly, the nucleation and diffusion mechanisms in 1-D structures have been 

found to deviate from that of bulk and of thin film system.28,29 Chou et al. found Ni and Co 

silicides nucleate from a homogeneous site in a NW instead of a heterogeneous site which 

means the nucleation activation barrier changes a lot in 1-D structures.28 Holmberg et al. 

reported the diffusion path of Au in Ge NW has also changed and causes a 5 order slower 

diffusion process than that in bulk Ge.29 Since the first phase selection and the following 

formation sequence is determined from a kinetic competition, different nucleation barrier 

height and diffusion mechanism in 1-D structures could lead to the altered phase 

transformation results. For now, there is no consistent explanation to quantitatively 

understand why the phase formation sequence and the first phase changes in 1-D structures. 

Therefore, systematic investigation and understanding of are prescribed to achieve 

predictable and reliable contacts for high performance nanodevices.  

In this study, the phase transformation sequence of Ni-Si binary system in a Si NW 

template is extensively and systematically interrogated over a wide range of temperatures. 

Unique size dependant first phase selection is found for the first time. The coexistence of 

multiple phases at initial stages is clearly captured to confirm that the non-first phases are not 

limited by nucleation. Taking the benefits of NW’s geometry, we do not need to damage or 
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change the structure of NW to monitor this initial stage which allows us to observe the real 

kinetic behaviors with an in-situ TEM. From our results, selection of first phases is governed 

by a kinetic growth competition regarding the interfacial reaction rate (including nucleation) 

and Ni diffusion rate in silicides. With kinetic parameters extracted from in-situ TEM 

observations, the competition model is applied to predict the first phase and yields a 

reasonable critical Si NW diameter. Beyond this critical diameter, the first phase can be 

switched from diffusion rate limited phase (θ-Ni2Si) to interfacial limited phase (NiSi2) at 800 

℃.  

With the understanding of the kinetic competition, we further apply Si NW template 

modulations to selectively enhance or hinder the growth rates of targeted Ni silicides in a Si 

NW, and demonstrate that Ni31Si12, δ-Ni2Si, θ-Ni2Si, NiSi and NiSi2 can emerge as the first 

contacting phase at the silicide/Si interface through these modulations.30 Firstly, the growth 

rates of silicides are selectively tuned through template structure modifications. It is 

demonstrated that the growth rate of diffusion limited phases can be enhanced in a porous Si 

NW due to a short diffusion path, which suppresses the formation of interface limited NiSi2. 

In addition, we show that a confining thick shell can be applied around the Si NW to hinder 

the growth of the silicides with large volume expansion during silicidation, including Ni31Si12, 

δ-Ni2Si and θ-Ni2Si. Secondly, a platinum (Pt) interlayer between the Ni source and the Si 

NW is shown to effectively suppress the formation of the phases with low Pt solubility, 
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including the dominating NiSi2. Together, with the combined applications of thick shells and 

Pt interlayer, the lowest resistive NiSi phase can form as the first phase in a solid NW with a 

Pt interlayer to suppress NiSi2 and a thick shell to hinder Ni31Si12, δ-Ni2Si and θ-Ni2Si 

simultaneously. The resistivity of Ni(Pt)Si NW has been measured from two and four 

terminal structures and is found compatible to pure NiSi. In addition, formations of Co and 

Pd silicides from Si NW have also been studied to examine the competition model. With a 

thick shell to confine the volume expansion, NW breaking at Pd2Si/Si interface due to 

Poisson’s effect is suppressed. 
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Chapter 2 Si NW template synthesis and sample preparation 

2.1 Growth of Si NW with diameter control 

Si NWs are grown through vapor-liquid-solid method with Au nanocatalysts.31 1-10 nm 

sputtered Au film is deposited and then annealed at 550 ℃ to form Au nanoparticles. Size of 

the Au nanoparticles which is important to control the diameter of Si NWs can be tuned 

through initial Au film thickness and annealing time. For small NWs, commercial 

mono-dispersed Au colloid particles (British Biocell International Ltd) are used as the 

catalysts. SiH4 is decomposed to serve as the Si source and carried by forming gas (5 % H2 

and 95 % N2) at 450-550 ℃ for 10-40 mins to grow Si NW. After the growth, sample is 

cooled down in the furnace. The total pressure is 30 torr with the silane partial pressure of 

about 2 torr. As shown in Fig. 1, Si NWs are typically single crystal with diameter of 7-230 

nm and length of 15-20 μm with [111] orientation. The scanning electron microscope (SEM) 

image in Fig. 1a shows the diameter and length of Si NWs are uniform.  

2.2 Fabrication of porous Si NW 

  Porous Si [111] NWs are prepared with a wet-etching process from Si <111> wafers.32 The 

Si wafers are first cleaned with water, acetone, and isopropanol for 5 mins each in a sonicator. 

Photoresist AZ5214 is used to protect the back side (unpolished side) of Si wafer in the 

etching. Then the whole wafer is immersed into buffered oxide etchant (BOE, commercial  
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Fig. 1 Characterization of Si NW. (a) SEM image of Si NWs. (b) TEM image of a Si NW 
with an Au catalyst on the tip. (c-d) high angle annular dark field (HAADF) and high 
resolution images of Si NW in (b). Inset in (d) the selective area electron diffraction (SAED) 
pattern of the Si NW 

HF buffered solution) for 10 mins to remove the surface oxide and result in hydrogen (H) 

terminated surface. A very thin silver (Ag) film is deposited onto the H-terminated surface by 

electroless deposition. After a short annealing, Ag film transforms into nanoparticles which 

serve as catalysts in the following etching. With the catalysts, Si wafers is put into an etching 

solution of 4.8 M HF and 0.1-0.6 M H2O2 for 60 mins. The local area with Ag nanoparticles 
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will be etched to form an array of Si NW. Some small Ag particles will be left on the side 

wall of Si NWs during the etching and further etch the NW in radial direction to form a 

porous structure. After the etching, porous Si NWs are soaked into concentrated nitric acid 

longer than 1 hour to remove Ag particles. The wafer with porous Si NW is then washed by 

water and dried by nitrogen flow for couple times. 

2.3 Preparation of TEM membranes 

To observe the growth of silicide NW in a TEM, we need to fabricate the Si nitride TEM 

membrane. As shown in Fig. 2, a 40 nm thick low stressed Si nitride is deposited on both side 

of <100> Si wafers in a low pressure chemical vapor deposition (LPCVD) chamber at 

550-650 ℃ for 10 mins. NH3 and SiCl2H2 are used as precursors to form Si nitride. After the 

nitride deposition, back side of the Si wafers is then patterned through photolithography. 

100×100 μm, 300×300μm or 500×500μm window areas are exposed (without photoresist 

covered) and etched by reactive ion etcher (RIE). The remaining Si nitride at the back side 

then serves as a hard mask when the wafer is etched by 35 % KOH solution at 80 ℃ for hours. 

Due to the anisotropy etching of Si facets in KOH, the slow etched {111} facets will remain 

and form a wedge structure at the sides of the windows.33 The whole structure is then washed 

by water. With a 40 nm thick low stress Si nitride film suspended on top of the window, the 

membrane can serve as the mechanical supporting substrate for our TEM observations. 
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Fig. 2 Process flow of Si nitride TEM membrane fabrication. 

2.4 Preparation of metal/Si NW diffusion couples 

Free standing Si NWs are sonicated into ethanol solution and dispersed on top of Si nitride 

membranes or substrates. The whole sample is then baked for 15 mins at 170 ℃ on a hot 

plate to get rid of the water molecule. Two layered photoresist are spin coated on top of the 

samples which allows the metal film to be easily lifted-off later. MMA (MicroChem Corp. 

8.5 MMA EL9) is first coated at 4000 rpm for 1 min and then baked for 2 min at 170 ℃. 

After that, PMMA (MicroChem Corp. 495 PMMA A4) is coated at 5000 rpm for 1 min and 

also baked for another 2 min. E-beam lithography is used to expose the designed area to 

allow NWs been partially covered by metal pads as shown in Fig. 3. After sample been 

developed in a mixed isopropanol solution (methyl isobutyl ketone: isopropanol = 3:1), 70 
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nm thick, 400 nm to 2 μm width metal pads are deposited by an e-beam evaporator in a 

vacuum order of 10−8 Torr. To provide good contacts between metal and Si, BOE is used to 

remove native oxides before the depositions of metal films. Samples are loaded into 

deposition chamber right after the BOE treatment and then annealed at 300-800 ℃ for 

different durations in in-situ TEM. (JEOL CX100 TEM and JEOL JEM-2000V equipped 

with Gatan heating holder). High resolution image and characterizations of silicides NW are 

performed with FEI Titan at 300 KV. Cross section TEM sample are prepared within FEI 

Nova 600 focus ion beam (FIB) and SEM images are taken in FEI Nova 230 (field emission). 

The electrical properties are measured in a Lakeshore TTP4 probe station. 
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Chapter 3 Kinetic competition model and size dependant phase formation sequence of 

Ni silicide 

3.1 Si NW size dependant first phase formation of Ni silicides  

  During the annealing process, Ni diffuses into Si NW and forms Ni silicides (Fig. 3a). 

Multiple silicide phases are identified growing from underneath of Ni pads into the Si NW 

template. Cubic NiSi2 (space group 225, Fm3�m, a=5.416 Å), orthogonal NiSi (space group 

62, Pnma, a=5.180 Å, b=3.340 Å and c=5.620 Å), hexagonal θ-Ni2Si (space group 194, 

P63/mmc a=3.805 Å and c=4.890 Å), orthogonal δ-Ni2Si (space group 62, Pnma, a=4.990 Å, 

b=3.720 Å and c=7.030 Å) and hexagonal Ni31Si12 (space group 150, P321, a=6.671 Å and 

c=12.288 Å) are confirmed from high resolution images and fast Fourier transform (FFT)/ 

SAED patterns at two or more different zone axis (Fig. 4). The atomic structures of NiSi2, 

δ-Ni2Si and Ni31Si12 are close to previously reported silicides NWs grown with chemical 

vapor deposition.34–36 According to phase diagram, hexagonal θ-Ni2Si which is 

thermodynamically stable only above 816 ℃ with composition range from Ni:Si=1.564 to 

1.941 is different from orthogonal δ-Ni2Si (line product, stable down to room temperature.)37 

Since the growth time of silicides in Si NW template is short and no higher temperature 

post-annealing is applied, metastable θ-Ni2Si can remain as the first phase which was 

consistent with the observation in [112] Si NW template.27 
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Fig. 3 Size dependant first phase selection at 800 ℃. (a) Schematics of typical diffusion 
structure. (b-c) Silicides formed in a 234 nm Si NW grown at 800 ℃ for 30 secs. (b) Image 
and FFT patterns of θ-Ni2Si, NiSi2 and Si. (c) Epitaxial interface between NiSi2 and Si. (d-e) 
Silicides formed in a 33 nm Si NW grown at 800 ℃ for 30 secs. (d) Image and FFT patterns 
of Ni31Si12, θ-Ni2Si and Si. (e) Epitaxial interface between θ-Ni2Si and Si.  

Through identification of silicide phases with TEM, at 800 ℃, a significant size dependant 

first phase selection is observed, i.e.: while NiSi2 remains as the first phase in a Si NW larger 

than 150 nm (Fig. 3b-c), θ-Ni2Si takes over NiSi2 and becomes the first phase in a Si NW 
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with diameter smaller than 70 nm (Fig. 3d-e). However, it is observed that at lower 

temperatures, 300-650 ℃, NiSi2 emerges as the first phase in all examined Si NW templates 

with diameter of 27-213 nm (Fig. 5 and Fig. 6). Epitaxial relations NiSi2[110]//Si[110], 

NiSi2(1�11)//Si(1�11) are found between NiSi2 and Si (Fig. 5b,d,f,h and Fig. 6b,d). With 

systematic studies, we rule out Si/silicide interfacial strained energies (at epitaxial interfaces) 

and effective heat of formation difference among phases as key contributors (see chap. 

3.2-3.3), but confirm that the kinetic growth competition determines the first phase formation 

in Si NW templates. 

 

Fig. 4 FFT patterns of NiSi2 and θ-Ni2Si. (a-b) FFT of NiSi2 corresponding to zone axis [121] 
and [110] at the same spot. NiSi2 is the only Ni silicide phase which fits both patterns. (c-d) 
FFT of θ-Ni2Si corresponding to zone axis [201] and [212] at the same spot. θ-Ni2Si is the 
only Ni silicide phase which fits both patterns. 
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Fig. 5 TEM images of silicides formation sequence and silicide/Si interface in ~50 nm Si NW 
templates annealed at various temperature. NiSi2 emerges as the first phase in all cases from 
300 to 650 ℃. (a-b) 300 ℃ for 30 mins, (c-d) 450 ℃ for 30 s, (e-f) 550 ℃ for 30 s and (g-h) 
650 ℃ for 30s. There is no silicide grow out from Ni pad below 300 ℃ within one hour. All 
NiSi2/Si interface keeps epitaxial relation of NiSi2 [110]//Si[110], NiSi2(1�11)//Si(1�11). 

3.2 Failure of interfacial strain energy model in explaining silicide phase formation 

sequence in 1-D structures 

Previous studies had suggested that the interfacial strained energy between silicide/Si may 

play an important role in first phase formation in 1-D structures.27 However, in our study, two 
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Fig. 6 TEM images of first phase observation at 550 ℃ in 27 to 213 nm Si NW template. 
NiSi2 emerges as the first phase in both cases. (a-b) Silicides formed in 213 nm Si NW grown 
at 550 ℃ for 4 mins. (a) Image and FFT patterns of NiSi2 and Si. (b) Epitaxial interface 
between NiSi2 and Si. (c-d) Ni silicides formed in 27 nm Si NW grown at 550 ℃ for 30 secs. 
(c) Image and FFT patterns of NiSi2 and Si. (d) Epitaxial interface between NiSi2 and Si. 
Both NiSi2/Si interface keeps epitaxial relation of NiSi2 [110]//Si[110], NiSi2(1�11)//Si(1�11). 

epitaxial relations between θ-Ni2Si and Si were simultaneously observed and identified as 

below: 

θ-Ni2Si[110]//Si[110], θ-Ni2Si(002)//Si(11�1)                  [1] 

with misfit of  
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  Here, f is mismatch between atomic spacing dx of Si and silicides (             ). 

Relation [1] is consistent with observations in previous reports while [2] was never found in 

thin film or bulk system.38 Misfits between θ-Ni2Si and Si are -0.94% and -0.94% to Si along 

two hexagonal directions in relation [1] and 2.29% and -0.94% in [2]. If interfacial strained 

energy dominated the first phase selection, it should always adopt the smallest mismatch in 

epitaxial relation: in our case relation [1]. 

  In addition, among all silicides, NiSi2 with CaF2 structure has the smallest lattice mismatch 

(-0.21%) to Si in epitaxial relation [3]: 

NiSi2[110]//Si[110], NiSi2(1�11)//Si(1�11)                     [3] 

 

However NiSi2 is not always the most competitive phase in the Si NWs we studied. These 

observations infer that the interfacial strained energy between silicides and silicon is not a 

key contributor to the first phase formation of silicides in Si NW. In addition, Dellas et al. 

have found θ-Ni2Si with 5 and 0.1% mismatch formed as first phase in [112] Si NW from 

350-700 ℃,27 which is larger than that of the NiSi2/Si (0.21-0.52%)39,40 under the same 
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conditions, the non-dominant role of interfacial strained energy in 1-D silicides growth 

competition is again confirmed.  

 

 

 

3.3 Failure of effective formation heat model in explaining silicide phase formation 

sequence in 1-D structures 

Effective heat of formation model is used to predict the first phase selection from 

thermodynamics in thin film and bulk system. However, our observations of NiSi2 

predominance at 300-650 ℃ (Fig. 5 and Fig. 6), the size dependant first phase transition (Fig. 

3) and the coexistence of multiple phases at initial stage (Fig. 7 and Fig. 8) challenge the 

application of effective heat of formation model to 1-D nanostructures. (1) According to the 

model, “the congruent phase with the highest negative effective heat of formation at the 

concentration of the lowest eutectic temperature in phase diagram is the first phase to 

form”.15 In Ni-Si couple, the lowest eutectic point on phase diagram is at composition of 

Ni0.535Si0.465 which gives value of effective heat of formation of δ-Ni2Si (-37.64 kJ/mol), NiSi 

(-39.43 kJ/mol) and NiSi2 (-20.44 kJ/mol). It shows δ-Ni2Si and NiSi have larger driving 

force (formation energy drop) than NiSi2, especially, NiSi2 as a non-congruent phase is not 

even in the candidate pool due to difficulty of nucleation and the required composition 
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fluctuation in transformation. The consistent appearance of NiSi2 hence cannot be explained 

by the effective heat of formation. 

 

Fig. 7 Coexistence of silicides at initial growth stage (without native oxide) (a) Low 
magnification TEM image of silicides formation after annealing 5 secs at 800 ℃. Silicide 
phases formed as small domains contacting each other without clear boundaries or specific 
sequence. (b-c). Zoom in TEM, high resolution images and corresponding FFT pattern of 
δ-Ni2Si. (d-e) Zoom in TEM, high resolution images and corresponding FFT pattern of 
θ-Ni2Si. (h-i) Zoom in TEM, high resolution images and corresponding FFT pattern of NiSi2.  

(2) The heat of formation of the silicide phases formation are not Si NW size dependant as 

long as the Ni and Si sources are still abundant. Size dependent phase selection cannot be 
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explored within the conventional effective heat of formation model, either. We hence suggest 

effective heat of formation is not the determining factor for phase formation sequence of 

silicides in 1-D Si NWs. 

 

Fig. 8 Coexistence of multiple phases at the initial growth stage (with native oxide between 
Ni/Si NW). (a) Low magnification TEM image of silicides grown in Si NW template. Si NW 
is covered by 10 nm Ni at upper side and annealed for 5 secs at 800 ℃. (inset) Schematic of 
10 nm Ni on Si NW. (b-c) Zoom in TEM, high resolution images and corresponding FFT 
pattern of NiSi. (d-e) Zoom in TEM, high resolution images and corresponding FFT pattern 
of θ-Ni2Si. (f-g) Zoom in TEM, high resolution images and corresponding FFT pattern of 
δ-Ni2Si. (h-i) Zoom in TEM, high resolution images and corresponding FFT pattern of NiSi2. 

3.4 Kinetic competition model and multiple phases coexistence in the initial stage 

In the kinetic competition model, several phases nucleate at the initial stage and the phase 

with fastest growth rate wins out and grows as the first phase. However, it is very hard to 
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directly capture multiple phases coexistence at the initial stage and track individual grain to 

do kinetic studies in a 2-D structure. Taking the benefits of the 1-D geometry, we can easily 

operate in-situ TEM and high resolution TEM (HRTEM) without cutting/thinning the NWs to 

study the initial stage. In order to confirm the existence of multiple phases present at the 

initial stage of nucleation and growth under Ni pads, and for convenience of observation, we 

adopt an analogous structure as shown in Fig. 7a. A Si NW is fully covered on one side with 

10 nm evaporated Ni and subject to annealing at 800 ℃ for 5 secs. With limited Ni supply 

and short annealing time, the formed silicides are captured at the initial stage and the short 

annealing (5 secs) also prevents the existing silicides from transforming into other phases 

with remaining Ni or Si sources. HRTEM images of each phase and corresponding FFT 

patterns are used to identify the observed silicides (Fig. 7 and Fig. 8). As shown in Fig. 7, 

θ-Ni2Si, NiSi2 and δ-Ni2Si are coexisting as small domains contacting each other without 

clear boundaries or specific sequence. It indicates that nucleation does not limit the 

appearance of non-first phase silicides. To further clarify if these phases nucleate 

independently or are transformed from previous generated silicide with remaining Ni or Si 

source, a similar structure but with native oxide (<1 nm thick) between Ni and Si NW 

template (Fig. 8) is examined. In this structure, Ni atoms penetrate through thin shell or local 

weak points to form separate silicide domains that do not contact with each other. Again, 

θ-Ni2Si, NiSi2, δ-Ni2Si and NiSi are found coexisting between Ni and Si separately. Diffusion 
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rate limited phases, θ-Ni2Si, δ-Ni2Si and NiSi, form small islands close to the Ni source and 

interfacial-limited NiSi2 forms a single crystalline section exhibiting {111} facets and has 

epitaxial relation of NiSi2[110]//Si[110], NiSi2(1�11)//Si(1�11) with Si. NiSi was only observed 

in the latter case but did not appear in Fig. 7, where the native oxide is removed and all 

domains make contact with each other. It might be attributed to the slower growth rate of 

NiSi which results in its consumption by the faster growing phases in contact. Coexistence of 

Ni silicide phases in Fig. 7 and Fig. 8a confirms independent nucleation of multiples phases 

from Ni/Si reaction couple at the initial stage. The observed first phases, NiSi2 and θ-Ni2Si, 

are selected through growth competitions among different phases in 1-D Si NW template. 

3.5 Contact area between Ni and Si NW does not limit the Ni supply 

Before we study the silicide growth rates, it is very important to analyze the real limiting 

steps of the silicide growth. NiSi2 is limited by the interfacial reaction while other phases are 

limited by the Ni diffusion.25 In our structure, Ni diffusion can be separated into three stages: 

Ni diffuses from Ni pad to the Ni/Si interface, Ni diffuse through the interface and Ni diffuse 

in Si or silicide NWs. Firstly, since our annealing time is short and there is always unreacted 

Ni pads left after the annealing, we can confirm the growth rate and the phase formation are 

not limited by the amount of Ni atoms in pads. It is also not limited by the Ni diffusion from 

pad to the metal/NW interface due to the short diffusion distance. Secondly, as Ni diffuses 

through the interface between Ni and Si NW, contact area might be limiting to the Ni supply 
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rates. In order to clarify that the formation of NiSi2 is not the result of limited Ni supply 

across the interface which is also NW size dependant, we study the phase formation with 

various ratios of Ni contact/supply area (A) to Si NW volume per unit length (V).  

 

Fig. 9 TEM images and corresponding FFT patterns of silicide formations with different 
ratios of Ni contact/underneath Si NW volume per unit length (A/V). (a) Schematic and 
definition of A/V ratio. (b) NiSi2 forms as the first phase in a 234 nm NW with A/V=51.11X. 
(c) θ-Ni2Si forms as the first phase in a 68 nm NW with A/V=124.71X. (d) θ-Ni2Si still forms 
as the first phase in a 68 nm NW with A/V=28.59X. It shows the phase formation is 
independent to the A/V ratios. 
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Here, we assume the omega-shaped Ni contact covers the same portion (X) of the 

cross-sectional circumference on all Si NWs (Fig. 9a). Therefore, the A/V ratio is defined as 

the following: 

 

where D is the diameter of Si NW, W is the width of Ni pad. Through tuning the width of 

Ni pads, we can match the A/V ratios in NWs with different diameters. As shown in Fig. 9b-c, 

θ-Ni2Si forms as the first phase in a small NW with A/V ratio of 124.71X while NiSi2 forms 

in a big NW with A/V ratio of 51.11X. This means in a large NW, Ni supply flow across 

Ni/Si NW interface per unit volume of Si NW underneath the Ni pad in a large NW is smaller 

than that in a small NW. In order to clarify that the formation of NiSi2 in a large Si NW is not 

the result of limited Ni supply source due to volume increase of Si NW, we change the width 

of the Ni pad to tune the A/V ratio. As shown in Fig. 9d, we found that θ-Ni2Si still forms as 

the first phase in a 68 nm Si NW even with an A/V ratio of 28.59X, which is smaller than the 

large NW (51.11X) in Fig. 9b. This shows the supply of Ni flux per unit Si volume does not 

limit or significantly contribute to the phase competition here. That clearly indicates the 

growth rates of diffusion controlled phases are limited by the Ni diffusion through Si NW and 

silicide NWs. 
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3.6 Growth rate of Ni silicides and kinetic parameters extracted from in-situ TEM 

The predominance of NiSi2 as the first phase at lower temperatures and the appearance of 

θ-Ni2Si and NiSi2 at higher temperatures can be explained by the kinetic growth competition 

mechanism in 1-D nanostructures. Comparing to 2-D and 3-D structures, the small size of 

NWs eliminates the continuous grain boundary in silicides (axial direction) which is a fast 

path of Ni diffusion.41 Thus, in 1-D structures, the growth rate of the diffusion-limited phases 

such as δ-Ni2Si (conventional first phase in thin film) decreases significantly, which renders 

the growth of interfacial-limited phase, i.e. NiSi2, competitive. Among the diffusion-limited 

phases, θ-Ni2Si gives the fastest Ni diffusion rate,42 which explains the observation that only 

θ-Ni2Si phase appears as the competitive phase against NiSi2 at high temperatures. 

In-situ TEM studies are then employed to confirm growth mechanisms and to extract 

kinetic parameters. Within a single crystal lattice Si NW, in-situ TEM provides high temporal 

resolution observation of the silicide growth front, from which the accurate kinetic data such 

as the diffusivity, the reaction rate constant, and the activation barriers of the silicides can be 

readily extracted to quantitatively explain the observed size-dependent first phase selection at 

800 ℃. (Fig. 10) In addition, due to single crystal nature of Si NW and the elimination of 

grain boundaries in this template, the kinetic data will represent the intrinsic lattice properties, 

which may be compared to the bulk data to differentiate the contributions from various 

components, e.g. lattice diffusion vs. grain boundary diffusion.  
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Fig. 10 Growth behaviors of θ-Ni2Si and NiSi2 in Si NW templates with diameter of ~70 nm 
from 450 to 800 ℃ observed with in-situ TEM. (a) Growth length vs. time of θ-Ni2Si at 800 
℃. (inset) Growth length vs. square root of time of θ-Ni2Si at 800 ℃ to confirm nature of 
parabolic growth. (b) Growth length of NiSi2 vs. time from 450 to 650 ℃. Linear to parabolic 
transitions are observed at 341-1581 nm at 500-650 ℃, respectively. (c) Arrhenius’ plot of 
reaction rate of NiSi2 front with activation barrier of 1.792±0.101 eV/atom from the linear 
growth region (NiSi2-I). (d) Arrhenius’ plot of Ni diffusion in NiSi2 with activation barrier of 
1.641±0.237 eV/atom, from parabolic region (NiSI2-II). 

We define L as the total length of silicides from Ni source to the silicide/Si interface at 

time t (Fig. 11) and plot L-t diagram with data captured from in-situ TEM observations. The 

growth length L of θ-Ni2Si shows a parabolic relation with growth time t, which indicating 

that the rate limiting step is Ni diffusion to silicide/Si interface (Fig. 10a). Interestingly, NiSi2 

exhibits clearly two different stages: a linear growth (interfacial-limited) during the first stage 
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of growth followed by a parabolic growth behavior (diffusion-limited), indicating a 

linear-parabolic transition (Fig. 10b).43 The in-situ studies show transition lengths of 341 to 

1581 nm from 500 to 650 ℃. There is no obvious transition at 450 ℃ due to the short growth 

length during the observation duration. In our structure, native SiO2 at the interface of Ni and 

Si NW is removed by BOE before the deposition of Ni source, hence we do not expect the 

rate limiting step coming from Ni diffusing through native oxide at Ni/silicide interface. The 

interfacial-limited behavior therefore is a result of the growth rate limited step at the NiSi2/Si 

interface not at Ni/silicide interface. 

 

Fig. 11 Schematic of steady state kinetic model. Si NW without native oxide is covered by 2 
μm×10μm Ni pad at left side and annealed in vacuum to form silicides.   

In the 2-D system, NiSi2 usually appears at higher temperatures (>750 ℃) and as the last 
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phase following the formation of NiSi. This has hindered the examination of the kinetic 

behaviors of NiSi2 formation over a wide range of temperatures and over larger distance, as 

well as masked the NiSi2 formation behavior from the intrinsic Ni-Si couple. As a result, to 

our best knowledge, the kinetic data for NiSi2 is very limited from bulk studies. The 

emergence of the NiSi2 as the first phase in Si NW template, and its persistent existence as 

the first phase over a wide range of temperatures (~300-800 ℃) and over long distance 

(hundreds of nanometers to micro meters) has allowed us to close interrogate its kinetic 

behavior for the first time. We clearly captured the two-stage transition of NiSi2 in single 

crystal Si lattice, which has allowed the first time derivation of the reaction rate constant KR 

of NiSi2 from regime NiSi2-I (Fig. 10c), and the diffusivity D during the later parabolic 

diffusion-limited growth stage, NiSi2-II (Fig. 10d). 

 If we simplify the kinetic model by assuming a steady state is reached, i.e. the Ni 

diffusion flux (J) diffusing toward silicide/Si interface equals to that across silicide/Si 

interface. Then, the flux can be described as a function of diffusivity (D), concentration 

gradient or reaction rate constant (KR). 

[1] 

So,                                                    [2] 

from definition of flux                                                      [3] 
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where N: atoms/unit volume, V: velocity of silicide growth front, b: number of Ni atoms in 

silicide formula, ρ: density of silicides (NiSi2: 4.80g/cm3 and θ-Ni2Si: 6.85g/cm3 measured 

value; 7.91 g/cm3 theoretical calculated value), M: atomic weight of silicides (NiSi2: 114.87 

g/mol and θ-Ni2Si: 145.49 g/mol), Cs is the Ni mole concentration per unit volume at the 

Ni/silicide interface and Csilicide is that at silicide/Si interface 

                                                                 [4] 

With boundary condition L=L
0 

when t=0, we can integrate equation [4] to have: 

 

 

                                                                [5] 

Solve equation [5], we can obtain the relation of silicide grown length L and time t:  

                                                                       [6] 

Where                                                  [7] 

[8] 

[9] 

Here, KR is the reaction rate constant at silicide/Si interface, D is diffusivity of Ni through 

2

( )1 1
2 / 4
A tL

A B
τ +

= + −  
 

2

R

DA
K

=

2 sDMCB
bρ

=

2
0 0L AL

B
τ +
=

1
ρ

= = =
+

+

s s

R

R R

C Cb dLJ L K L DM dt
D K DK

00
( ) ( )ρ= +∫ ∫

t L

R s RL
DK MC dt b K L D dL

2 2
0 01 0

2 ρ
− −

+ − =s

R

L L L L MC
Dt K t b

2 2
0 0( ) ( )

2
ρ ρ= − + −R

R s
K bDK MC t L L Db L L



31 
 

silicide, L0 is the total length of silicide at t=t0 which is zero in our case, b: number of Ni 

atoms in silicide formula (2 for θ-Ni2Si and 1 for NiSi2), M is the atomic weight of silicides, 

ρ is the density of silicides and Cs is the Ni concentration per unit volume at the Ni/silicide 

interface.  

For a short growth time period, t >> A2/4B, [6] can be approximated by  

                                                      [10] 

For a long growth time period, t << A2/4B, [6] can be approximated by 

 [11] 

Since Cs is the Ni concentration at Ni/silicide interface where Ni is always abundant, we 

assume Cs equals to the Ni mole concentration per unit volume in Ni source (Cs=0.1517 

mol/cm3). From equation [10] and [11], we can extract KR and D values from the L-t relations 

as shown in Table 1 and the corresponding activation energies. Assuming both the interfacial 

reaction barrier and the diffusion barrier of Ni in NiSi2 are the same; then KR and D values of 

NiSi2 at 800 ℃ (as shown in red number in Table 1) are able to be linear extrapolated from 

the data of 450-650 ℃. 

  The activation barrier for Ni diffusing through NiSi2 is 1.641±0.237 eV/atom during the 

diffusion-limited stage (NiSi2-II, Fig. 10d), and the activation barrier of NiSi2 interface 

reaction is 1.792±0.101 eV/atom at the earlier growth stage (NiSi2-I, Fig. 10c). There is no 
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available diffusivity and activation barrier data from thin film studies to describe the Ni 

diffusion in the NiSi2, as NiSi2 usually appears as the last phase in crystalline Si. However, 

the derived 1.641±0.237 eV/atom activation energy for Ni diffusion in NiSi2 is very close to 

the 1.65±0.20 eV/atom barrier height reported in amorphous Si, where diffusion-limited 

growth of NiSi2 was observed.44 This indicates the grain boundary contribution is not 

significant in Ni diffusion in NiSi2, otherwise a much lower diffusivity and higher barrier 

should be found in single crystal silicide section (in Si NW). Compared the activation 

energies of NiSi2 to that of δ-Ni2Si which is the first formed phase in thin film and bulk 

system, elimination of continuous grain boundary (axial direction) in 1-D silicide structure 

raises growth activation barrier of δ-Ni2Si from 1.30-1.70 eV/atom (grain boundary 

dominated diffusion) to 2.48 eV/atom (lattice diffusion)41, which is higher than both the 

activation barrier of NiSi2 interface reaction (1.792±0.101 eV/atom) and the activation energy 

for Ni diffusion in NiSi2 (1.641±0.237 eV/atom). This data is consistent with our observation 

that the first phase is flipped from δ-Ni2Si (in the thin film system) to NiSi2 (in Si NWs), and 

confirms the hypothesis that elimination of grain boundaries renders NiSi2 more competitive 

in 1-D structure.  

With extracted parameters, we are able to compare the transformation rate of NiSi2 and 

θ-Ni2Si and to understand their growth competition in 1-D Si NW template. Here we replace 

L in [10] and [11] with “d” to represent the diffusion path length at radial direction and 
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assuming the kinetic parameters are similar in radial and axial directions. According to D and 

KR in Table 1, the average transformation rates of θ-Ni2Si and NiSi2 (70 nm far from Ni 

source) are 1.458 μm/s and 0.438 μm/s, respectively, at 800 ℃. In this region, the average 

growth  rate o f θ-Ni2Si is 3.3 times higher than that of the NiSi2, consistent with our 

observation of θ-Ni2Si appearing as the winning first phase. However, with increasing 

diffusion path (d), the growth rate of diffusion-limited θ-Ni2Si will decelerate, while the 

growth rate of the interfacial-limited NiSi2 remains constant and will eventually catch up then 

take over θ-Ni2Si. By setting [10]=[11] (when both phases grow the same distance at a given 

time), we arrive at critical values dc=234 nm, beyond which the switch from θ-Ni2Si to NiSi2 

is possible.  

Table 1 Kinetic parameters of Ni silicides extracted from in-situ TEM observations 
 Temperature K (m/s) D (m2/s) D0 (m2/s) 

NiSi2 

450 ℃ 1.23×10-11  

1.20×10-6 

500 ℃ 5.07×10-11 2.99×10-17 

550 ℃ 3.58×10-10 8.86×10-17 

600 ℃ 1.09×10-9 2.67×10-16 

650 ℃ 6.57×10-9 1.85×10-15 

800 ℃ 1.20×10-7 2.33×10-14 

θ-Ni2Si 800 ℃  3.65×10-14  

   K is the reaction rate constant at silicide/Si interface 
   D is the Ni diffusivity in silicides 
   D0 is the maximum diffusivity of Ni in silicides 
   Number in red represents data obtained by linear extrapolation to 800 ℃. 
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In our Si NW system, NiSi2 was found as first phase in Si NWs with diameter larger than 

150 nm, which is reasonably close to the estimated value. The difference may arise from the 

assumptions of steady state and the simultaneous nucleation of NiSi2 and θ-Ni2Si at t0. In 

reality the nucleation of NiSi2 may initiate earlier than θ-Ni2Si for the following reasons. 

NiSi2 is more stable than θ-Ni2Si at lower temperatures, which may give NiSi2 a jump start 

during the 30 s ramping time in our experiment. Indeed, a control sample annealed at 450 ℃ 

for 30 s demonstrates the growth of 210 nm long NiSi2 from the Ni source (Fig. 5c-d). Thus 

the inevitable ramping stage gives NiSi2 the added edge in the competition to win out as the 

first phase in Si NWs smaller than the predicted critical value.  

3.7 Thermal stability of Ni silicides 

  According to the phase diagram, θ-Ni2Si is not thermodynamically stable under 816 ℃.37 

To test the thermal stability of the silicide NWs, a two step annealing is employed. As shown 

in Fig. 12a-b, sample is annealed at 800 ℃ for 15 secs, cooled down to room temperature and 

then annealed at 550 ℃ for another 15 secs. From the in-situ study, we have learned θ-Ni2Si 

is the first phase in a ~60 nm NW at 800 ℃. However, after we cool down the sample and 

reheat it to 550 ℃ for 15 secs, the first phase is switched to NiSi2 and followed by δ-Ni2Si. 

This is consistent to the thin film study that θ-Ni2Si is a metastable phase and will transfer to 

δ-Ni2Si at low temperature.45,46 The first phase NiSi2 at the interface could be formed during 

the θ-Ni2Si to δ-Ni2Si transition since the Ni concentration in δ-Ni2Si is higher than that in 
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θ-Ni2Si and may take some Ni from surrounding area. It is also possible that the NiSi2 a 

product of θ-Ni2Si or δ-Ni2Si reacts with unreacted Si. 

  The thermo stability of NiSi2 is also tested. NiSi2 remains as the first phase after a two step 

annealing at 550 ℃ for 15 secs, cooled down and then at 800℃ for 15 secs (Fig. 12c-d). Even 

we extend the second annealing at 800℃ to 45 secs (Fig. 12e-g), NiSi2 is still not replaced by 

the following diffusion controlled phases. This shows the good thermal stability of NiSi2. 

After long annealing, the growth rate of diffusion controlled silicides slows down due to the 

long distance from the interface to the Ni source. The lateral growth competition is similar to 

thin film structure and can be explained through the kinetic model.18 From the model, the 

disappearing phases which are predicted by the equilibrium phase diagram are missing in 

nano structure due to their kinetic instability. It is believed is the annealing time is long 

enough and the Ni, Si source are not limited, the phases will all appear in the NW as in a bulk 

diffusion couple.18  
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Fig. 12 Ni silicide phase formation after a two step annealing (a-b) Sample is annealed at 800 
℃ for 15 secs, cooled down to room temperature and then annealed at 550 ℃ for another 15 
secs. (c-d) Sample is annealed at 550 ℃ for 15 secs, cooled down to room temperature and 
then annealed at 800 ℃ for another 15 secs. (e-g) Sample is annealed at 550 ℃ for 15 secs, 
cooled down to room temperature and then annealed at 800 ℃ for another 45 secs. (f) the 
zoom in image of the interface area in (e) to show the sequence of thin phases. FFT patterns 
are used for phase identification. 
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Chapter 4 Phase manipulation through template modulations 

4.1 Importance of Ni silicide phase manipulation 

Metallic silicides as contacts in Si NW devices have attracted much attention for their 

ability to achieve superior performances and unique functions in nanoscale electronics and 

spintronics.7,8,47 In order to produce reliable and controllable contacts in small circuits, 

understanding and manipulating the phase formation of nanoscale silicides are key to their 

large scale manufacturing. Many known silicides have variable physical properties, including 

resistivity, maximum current density and work functions that are suitable for various 

applications.9,11 For example, NiSi with lowest resistivity among all silicides is the desired 

phase for applications such as source, drain and gate contacts in integrated circuits while 

other Ni silicides with relatively high resistivity are considered as defects (Table 2).48–50 Thus, 

control towards predictable NiSi formation and extended NiSi manufacturing windows are 

desirable. However, phase formation in 1-D nanostructure has been reported to be different 

from that observed in 2-D systems.22–25 Systematic studies and understanding of the material  

Table 2 Electrical properties of Ni silicides 
 Ni3Si Ni31Si12 δ-Ni2Si Ni3Si2 NiSi NiSi2 

Resistivity 
(µΩ-cm) 

80-90 90-150 24-30 60-70 10.5-18 34-50 

Data from Chen, L. J. Silicide Technology for Integrated Circuits (The Institute of Electrical 
Engineers, London, 2004).12 
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behaviors in Si NW templates for reliable phase formation are critical to achieve predictable 

and reliable high performance contacts at nano scale.48,51,52 

Chap. 3 has shown that the emergence of the first phase at the Si/silicide interface in Si 

NWs is the result of kinetic competition among different silicide phases. In this chapter we 

show by selectively tuning the growth rates of different phases, one can achieve NiSi2, 

θ-Ni2Si, δ-Ni2Si, Ni31Si12 and eventually NiSi as the first phase at the Si/silicide interface, 

respectively. Firstly, structure modifications to the Si NW templates were employed to 

selectively modulate the growth parameters of different phases, including promoting the 

growth of diffusion limited phase in porous Si NW structures and hindering the growth of 

silicides with large unit volume by depositing thick oxide shells around Si NWs. Secondly a 

Pt interlayer between the Ni source and Si NW template is used to suppress the growth of 

dominating NiSi2, which in turn leads to the appearance of otherwise less competitive 

diffusion limited phases (such as δ-Ni2Si) as first phase in Si NWs. Finally, with a 

combination of Pt interlayers to suppress NiSi2 and thick oxide shells to hinder Ni31Si12, 

δ-Ni2Si and θ-Ni2Si, we can render the slow-growing NiSi as the wining first phase in the 

growth competitions among silicides in Si NW templates. 

4.2 Ni silicides formation in porous Si NWs 

It h as b een  demo n strated  that in  a Si NW temp late,  θ-Ni2Si is the only competitive 

diffusion limited phase against the dominating NiSi2 in wires of smaller diameters (d) and  
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Fig. 13 Enhance growth rate of diffusion limited phase θ-Ni2Si in 230 nm porous Si NW at 
800 ℃. (a,d) Schematic of silicide formation in solid and porous Si NWs with the same outer 
diameters. In porous Si NW, the first phase is switched to diffusion limited phase θ-Ni2Si. 
(b,c) Low magnification TEM, high resolution TEM images at the silicide/Si interface and 
corresponding SAED patterns of Si and silicide in 230 nm solid Si NW with NiSi2 as the first 
phase. (e,f) Low magnification TEM, high TEM images at the interface and corresponding 
SAED patterns of Si and silicide in 230 nm porous Si NW with θ-Ni2Si as the first phase. 

only at high temperature (800 ℃).25 To this end, a porous NW template with extremely small 

“d” nanopaths allow the diffusion-limited phase to become competitive in large diameter 

NWs (Fig. 13) and render another diffusion-limited phase, NiSi, as wining phase at lower 

temperatures (as θ-Ni2Si is known as a high temperature phase).37 The porous NW is similar 
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to a bundle of small Si NWs with each being an individual growth pathway (Fig. 13a,d). As 

shown in Fig. 14, typical porous NW has outer diameter >200 nm while small interconnected 

paths with diameter <40 nm (average diameter of 10 nm). The diffraction pattern shows the 

single crystal nature of porous Si NW (Fig. 14a, inset.) This is also confirmed from high 

resolution images (Fig. 14c) where no defects such as grain boundaries, twins or dislocations 

are observed, which are fast diffusion paths and could enhance diffusion locally (not 

uniformly.) In Fig. 14b, a cross sectional image shows a porous Si NW with an irregular 

outline without specific dominating facets, and is fully porous without solid core. Thus, the 

porous Si NW can be considered as a bundle of interconnected single crystal nanopaths with 

small diameters. From all TEM and HRTEM images, no Ag particles are observed which gets 

rid of the Ag contribution to the silicide growths and silicide phase selection. 

 

Fig. 14 Characterization of a porous Si NW. (a) TEM image of a typical porous Si NW 
showing Si nanopaths with average width of 10 nm. Inset in (a) is a SAED pattern of this 
porous wire. (b) Cross sectional image of porous Si NW without remaining solid core. (c) 
Zoom in image of (b) showing Si nanopaths with maximum widths smaller than 40 nm.  
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Fig. 15 NiSi2 is the first phase in a porous NW at 550 ℃. (a) Low magnification TEM at 
interface and corresponding FFT patterns of silicide forms in a porous Si NW with NiSi2 as 
the first phase. (b) The high resolution TEM image at the circled area in (a) shows the 
epitaxial relation between NiSi2 and Si. The NiSi2 tends to adopt the shape of Si template. 
The interface between NiSi2 and Si is not atomic sharp which may reflect the shape of a 
nanopath and/or the nature of TEM technique, a projection of a 3-D object into a 2-D image. 

Since the nanopaths in porous Si NW are very narrow, as a result, the growth of the 

diffusion limited phases will be greatly enhanced. This modified kinetics help θ-Ni2Si 

become the first phase in a porous 230 nm Si NW at 800 ℃ (Fig. 13d-f), while NiSi2 appears 

as the first phase in a solid 230 nm Si NW (Fig. 13a-c). At lower temperature, NiSi2 still 

dominates in both solid NW and porous NW where the θ-Ni2Si is not as competitive as at 800 

℃ (Fig. 15). As the Ni diffusivity in NiSi is usually lower than that of other diffusion limited 

phases,42 we need to selectively decrease the growth rates of Ni31Si12, δ-Ni2Si and θ-Ni2Si in 

order to render NiSi the competitive phase.  
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4.3 Ni silicides formation in solid Si NWs with compressive shells 

In order to hinder the growth rate of Ni31Si12, δ-Ni2Si and θ-Ni2Si, depositing a thick 

oxide shell around Si NW by atomic layer deposition (ALD) allows us to selectively decrease 

the growth rate of silicides with larger unit volume than NiSi, by supplying a compressive 

stress.22,53,54 After patterning the Ni pads by e-beam lithography, a thick (200 cycles of ALD 

deposition) is deposited on top of the wafer. Since a unit volume expansion usually 

accompanies the transformation from Si to silicide, the expansion will be suppressed in the 

confining shells and leads to a compressive stress. The induced stress can significantly hinder 

Ni diffusion which in turn retards the growth rate of the affected silicides. The diffusivity (D) 

can be expressed as  

*

0 exp
B

GD D
k T

 −
=  

 
 

*
formation migrationG G G= +  

where D0 is a material constant and G* is the diffusion activation energy barrier including 

formation free energy (Gformation) and migration free energy (Gmigration).22 Under compressive 

stress, the activation barrier of Ni diffusion (Gmigration) in the silicide increases and leads to a 

smaller diffusivity. Therefore, among Ni31Si12 (39.46 Å3), δ-Ni2Si (32.15 Å3), θ-Ni2Si (30.66 

Å3), NiSi (24.12 Å3) and NiSi2 (19.75 Å3), the Ni31Si12 will experience the highest 

suppression and NiSi2 will face the lowest (Table 3).12,55 
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Table 3 Volume of Ni Silicides and Si per Si Atom 
 Si Ni31Si12 δ-Ni2Si θ-Ni2Si NiSi NiSi2 

Volume per Si 
atom (Å3) 

20.01 39.46 32.15 30.66 24.12 19.75 

Data from: 
1. JCPDS Card No. 80-228355 

2. Chen, L. J. Silicide Technology for Integrated Circuits (The Institute of Electrical 
Engineers, London, 2004).12 

θ-Ni2Si with a larger unit volume than NiSi and NiSi2 will also face stronger stress in the 

phase transformation. Interestingly, NiSi2 is the only phase with a smaller unit volume than Si 

at room temperature. Therefore NiSi2 barely experiences compressive stress during nucleation 

and growth which can keep relatively fast growth rate. Even we take the thermal expansion at 

800 ℃ into account, the volume of Si is 20.21 Å3 while NiSi2 is 20.50 Å3.56 The significant 

volume expansion of θ-Ni2Si is still about 2.59 times to that of NiSi and 36.03 times to NiSi2. 

As a result, when a 22 nm thick Al2O3 shell is coated on a 50 nm Si (with native oxide) NW, 

the first phase at 800 ℃ switches from θ-Ni2Si to NiSi2 suggesting the Al2O3 shell has 

hindered the growth of θ-Ni2Si (Fig. 16a-d).  

Here raises a question: do extra thermal process of ALD Al2O3 shell deposition (at 90-250 

℃ for 100 mins) and the surface condition of Si NW changes have any influence to the phase 

switch? In order to clarify the shell thickness (and induced compressive stress) is the 

dominating factor which switches the first phases, we compare the phase formation in four 

different conditions:  
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1. Si NW with native oxide coated with thick Al2O3 shell (Fig. 16 b-d) 

2. Si NW with native oxide coated with thin Al2O3 shell (Fig. 16 e-g) 

3. Si NW without native oxide coated with thick Al2O3 shell (Fig. 17 a-c) 

4. Si NW without native oxide coated with thick carbon shell (Fig. 17 d-f) 

 

Fig. 16 Suppress growth rate of diffusion limited phase θ-Ni2Si in 50 nm Si NW with ALD 
Al2O3 shells at 800 ℃. (a) Schematic of thin and thick shell influence on suppressing growth 
rate of diffusion limited phase θ-Ni2Si. With a thick shell, the first phase is switched to 
interfacial limited phase NiSi2. (b-d) TEM images and FFT patterns of silicides and Si in a 
thick (22 nm) ALD Al2O3 shell with NiSi2 as the first phase. (e-g) TEM images and FFT 
patterns of silicides and Si in a thin (3 nm) ALD Al2O3 shell with θ-Ni2Si as the first phase. 
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Fig. 17 Image of first phases formed at 800 ℃ in Al2O3 shell and carbon shell without native 
SiO2. (a-c) TEM images and FFT patterns of the silicides formed in 23 nm Al2O3 shell. NiSi2 
is still found as the first phase. (d-f) TEM image and FFT patterns of the silicides formed in 
16 nm carbon shell. NiSi2 is found as the first phase.  

In all cases, once the shell reaches significant thickness (>16 nm), the first phase will be 

switched to NiSi2 in a small Si NW template at 800 ℃. At the same time, in Si NWs with a 3 

nm-thick Al2O3 shell, θ-Ni2Si remains as the first phase (Fig. 16a, e-g). This confirms that 

compressive stress induced by thick shells is the dominating reason of first phase switching 

and rules out the noticeable contribution of interfacial energy (e.g. Al2O3/Si, SiO2/Si and 

C/Si), interfacial diffusion path between the SiO2/Si or the ALD process thermal treatment. 

While the compressive stress is effective in limiting the growth of diffusion-limited phases 

with large volume expansion, this approach is unfortunately not applicable to suppress the 
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dominant growth of NiSi2 whose unit volume close to Si. 

4.4 Ni silicides formation in solid Si NWs with Pt interlayers 

To this end, a Pt interlayer between Si NW and Ni contact is introduced to limit the 

growth of the dominant phase, NiSi2. The solubility of Pt in NiSi2 is much lower than that in 

NiSi. Since oversaturated Pt must be expelled out of the lattice prior to the formation of NiSi2, 

it increases the kinetic barrier of NiSi2 formation much more than it does to NiSi.57,58 As 

shown in Fig. 18, with a 1-5 nm Pt layer deposited between Ni and Si NW, δ-Ni2Si 

overcomes the dominant NiSi2
25 and appears as the first phase after annealing at 550 ℃ for 

30 s. At the same time, the total length of the formed silicide region significantly drops from 

1.77 μm (Fig. 18a, without Pt) to 280 nm (Fig. 18b, with 1 nm Pt) and 195 nm (Fig.18c, with 

5 nm Pt), confirming the fastest growing phase NiSi2 in Si NW is suppressed by the presence 

of Pt and the slower δ-Ni2Si wins out in competition instead. The growth rate of δ-Ni2Si also 

slows down as the Pt amount increases from 1 nm to 5 nm due to an increased activation 

barrier which is consistent with that in 2-D structure.59 Unfortunately, by simply tuning the 

thickness of Pt interlayer, we do not obtain the desired NiSi. We have to slow down all other 

phases at the same time to help NiSi to win in the kinetic competition. 

4.5 Ni silicides formation in solid Si NWs with compressive shell and Pt interlayers 

To simultaneously suppress Ni31Si12, δ-Ni2Si, θ-Ni2Si and NiSi2, a structure combined with 
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Fig. 18 First phases control in ~70 nm Si NW with 1-5 nm Pt interlayers and ALD Al2O3 
shells. (a) TEM image and corresponding FFT patterns of silicides and Si in a bare Si NW 
without Pt interlayer at 550 ℃ for 30 secs. (b) Silicides formed in a bare Si NW with 1 nm Pt 
interlayer at 550 ℃ for 30 secs. (c) Silicides formed in a bare Si NW with 5 nm Pt interlayer 
at 550 ℃ for 30 secs. (d) Silicides formed in a Si NW with 5 nm Pt interlayer and 17 nm ALD 
Al2O3 shell at 550 ℃ for 4 mins. 
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a Pt interlayer between Ni and Si, and a 17 nm oxide shell around NW is adopted. With the Pt 

interlayer to suppress NiSi2 and the thick Al2O3 shell to hinder Ni-rich phases, Pt doped NiSi 

eventually wins out as the first phase (Fig. 18d). Again, the total length of the silicide region 

decreases to 168 nm (after annealing for 4 minutes). This confirms the slower growth rate of 

NiSi than NiSi2, δ-Ni2Si and θ-Ni2Si and the slower phase can only appear until the faster 

growth phases have been slowed down enough. In addition, a Ni richer phase, Ni31Si12 are 

found in many samples locating next to Ni pads. As Ni atoms keep diffusing into formed 

silicides region, Ni and these silicides (θ-Ni2Si, δ-Ni2Si, NiSi and NiSi2) will react and 

transform to Ni31Si12 which is consistent with previous works.22,25,60 

4.6 Pt distribution in Ni(Pt)Si crystal structure 

TEM and scanning transmission electron microscope (STEM) are used to analyze Pt 

distribution in NiSi (Fig. 19). The diffraction pattern in Fig. 19a shows the nature of single 

crystalline structure. Pt concentration is found higher along the core and lower at the edge of 

the NW corresponding to the thickness profile (Fig. 19b). Along the axial direction, the Pt 

concentration keeps a significant value and drops sharply at the interface.  

These indicate uniform distribution of Pt across entire Ni(Pt)Si portion and occupies Ni 

site which is consistent with previous reports on thin film studies.58,61,62 PtSi and NiSi are 

known to share the same MnP structure with close lattice constants (NiSi: a=5.233, b=3.258, 

c=5.659; PtSi: a=5.595, b=3.603, c=5.932) and therefore Pt is more soluble in NiSi than in  
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Fig. 19 Pt distribution in Ni(Pt)Si formed in ~70 nm Si NW with 5 nm Pt interlayer and thick 
ALD Al2O3 shell at 450 ℃ for 2.5 hr. (a) TEM image and corresponding SAED patterns of 
NiSi and Si. (b) Line scanning across radial direction. (c) Line scanning across axial direction. 
Pt intensities in b and c are enhanced by 10 times. 

other silicides. The solubility of Pt in NiSi is 2.16-5.50 atom % (Pt/(Pt+Ni)) and that of the 

NiSi2 is 0.30 atom % at 800 ℃.57,58,61–63 If we assume all Pt and Ni atoms react with Si as a 

homogeneous structure, the amount of Pt atoms (from a 1-5 nm Pt interlayer under an 80 nm 

Ni film) is 0.88-4.26 atom % of all metal atoms. This concentration range is close to the 

atomic solubility of Pt in NiSi but much higher than that in NiSi2 and thus 0.58-3.96 atom % 

of Pt needs to precipitate before NiSi2 formation. The repulsion of Pt due to its low solubility 
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in NiSi2 greatly increases the growth activation barrier and hinders growth rate of NiSi2 (Fig. 

18a-c). More interestingly, the Ni(Pt)Si/Si epitaxial interface, which in thin film studies is 

argued to be the main reason for suppressing NiSi2 formation through lowering the interfacial 

strain energy and for enhancing Ni(Pt)Si thermostability,61,62 is not observed in the NWs. This 

indicates that the kinetics, rather than interfacial energies, contributes more significantly to 

the Ni(Pt)Si formation in 1-D system.  

To observe the precipitation of Pt during silicides growth, a structure (Fig. 20a,b) with a 10 

nm Ni film and a 1 nm Pt interlayer were deposited on the upper side of a Si NW. After 

annealing at 800 ℃ for 5 secs, multiple phases are found coexisting, including Ni(Pt)Si and 

NiSi2. Short annealing time and thin metal films prevent silicides from contacting and 

consuming each other. In Fig. 20c-d, a HAADF image and elemental mapping show Ni and 

Pt atoms distributed across the entire silicide area with bright contrast. Line-scanning shows 

higher amount of Ni and Pt at the core of Ni(Pt)Si than at the edge, consistent with the 

thickness profile. On the other hand, the amount of Pt in NiSi2 is independent of the silicide 

thickness which indicates Pt precipitation to periphery during silicidation due to low Pt 

solubility in NiSi2 (Fig. 20 e-f). A more detailed STEM study shows Pt forms islands on the 

NiSi2 surface (Fig. 21). Fig. 21a is a schematic of Pt out-diffuses and forms islands on the 

surface. A HAADF image in Fig. 21b shows the shape of NiSi2 grain. In Fig. 21c, Ni peak 
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intensity is higher at the right side due to thickness difference while Pt intensity is stronger at 

the left side. 

 

Fig. 20 Pt distribution in Ni(Pt)Si and NiSi2 and multiple phase coexistence at early growth 
stage. A 1 nm Pt interlayer is deposited between the 10 nm Ni film and the Si NW and then 
annealed for 5 secs at 800 ℃. (a,b) Bright and dark field TEM images of silicides grown in a 
Si NW template. Si NW is covered by Pt and Ni films at upper side. (c) High resolution 
image and corresponding FFT pattern of NiSi. Inset in (c) is the schematic of Pt and Ni 
distribution in NiSi. (d) Line scanning, element mapping and HAADF image of Pt, Ni and Si 
atoms distributed across NiSi in NW radial direction. (e) High resolution image and 
corresponding FFT pattern of NiSi2. Inset in (e) is the schematic of Pt and Ni distribution in 
NiSi2. (f) Line scanning, element mapping and HAADF image of Pt, Ni and Si atoms 
distributed across NiSi2 in NW radial direction.  

This indicates the Pt intensity comes from Pt islands on the surface and is independent to 
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the NiSi2 thickness. In order to show the Pt islands, we tilt the sample a bit more to the right 

and repeat the mapping (Fig. 21d). Clear Pt islands are observed on the left bottom corner in 

Pt image. The intensity increase is not shown in Ni image which rules out the thickness 

contribution at this position. The line scanning also shows two peaks corresponding to 

locations of Pt islands. This Pt precipitation prior forming NiSi2 leads to an increased kinetic 

barrier and suppress NiSi2 to form with a Pt interlayer presentence.  

 

Fig. 21 Detailed STEM characterization of Pt precipitation on NiSi2 surface. (a) Schematic of 
Pt precipitates on NiSi2 surface as islands. (b) HAADF of NiSi2 (c) Element mapping of Pt 
and Ni atoms in NiSi2. Red lines are the counts of Pt and Ni in line scanning across white 
dash lines. (d) Element mapping of Pt and Ni atoms in NiSi2 from another tilted angle. Red 
lines are the counts of Pt and Ni in line scanning across white dash lines at another tilted 
angle.   
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4.7 Demonstration of Ni silicides phase control in Si NW templates 

Fig. 22 shows the phase formation results under various modulations at 800 ℃ and 

confirms the kinetic competition mechanism. In a bare Si NW with diameter of ~70 nm, 

θ-Ni2Si the most competitive phase wins as the first phase (Fig. 22a). As we add 1 nm Pt 

interlayer, θ-Ni2Si remains as the first phase but the shorter growth length indicates the 

hindering of θ-Ni2Si growth (Fig. 22b). To our best knowledge, there is no available data 

report the solubility of Pt in θ-Ni2Si. However, considering the Pt solubility in NiSi is way 

higher than other Ni silicides, we assume that of θ-Ni2Si is close to that in δ-Ni2Si (much 

lower than NiSi)64 and thus suggest the hindering of θ-Ni2Si growth is a result of increasing 

kinetic barrier with oversaturated Pt presentence. 

As we increase the Pt thickness to 5 nm, the silicide NW tends to be broken at the interface 

and the Ni richer phase, Ni31Si12, catches up and consumes previous formed silicides (Fig. 

22c). Within a thick oxide shell and 5 nm Pt interlayer, δ-Ni2Si forms as the first phase with 

confining shell to suppress large unit volume Ni31Si12 (Fig. 22d). Compared to a similar case 

without Pt interlayer where NiSi2 forms as the first phase, oversaturated Pt suppresses the 

NiSi2 growth. The possible reason of forming δ-Ni2Si instead of Ni(Pt)Si (as at 550 ℃) is the 

higher Pt solubility in δ-Ni2Si at 800 ℃ than at 550 ℃. The higher Pt solubility in silicides 

will cause less suppression on δ-Ni2Si growth.  
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Fig. 22 First phases control in ~70 nm Si NW with Pt interlayer and ALD Al2O3 shells at 800 
℃. (a) TEM image and corresponding FFT patterns of silicides formed in bare Si NW 
without Pt interlayer at 800 ℃. (b) TEM image and corresponding FFT patterns of silicides 
formed in bare Si NW with 1 nm Pt interlayer at 800 ℃. (c) TEM image and corresponding 
FFT patterns of silicides formed in bare Si NW with 5 nm Pt interlayer at 800 ℃. (d) TEM 
image and corresponding FFT patterns of silicides formed in Si NW with 5 nm Pt interlayer 
and 17 nm ALD Al2O3 shell at 800 ℃.  
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Table 4 Results of first phase formation in modified Si NW templates with different 
growth conditions. 

Structure 
modification 

First phase 
at 550 ℃ 

First phase 
at 800 ℃ 

Notes 

Small bare NW 

NiSi2 θ-Ni2Si D<70nm 

Large bare NW 

NiSi2 NiSi2 D>150nm 

Al2O3 shell  

NiSi2 NiSi2 
D<70nm 
t>16 nm 

Pt interlayer 

δ-Ni2Si 
θ-Ni2Si 
Ni31Si12 

D<70nm 
Pt:1-5nm 

Pt interlayer and  
Al2O3 shell  

Ni(Pt)Si δ-Ni2Si 
D<70 nm 
t>16 nm 
Pt:1-5nm 

D: outer diameter of NWs 
t: thickness of the Al2O3 shell 
Pt: thickness of Pt interlayer 

Since the 5 nm Pt amount is already close to Pt solubility in NiSi, this suppression relief at 

high temperature will be more significant to δ-Ni2Si then NiSi and thus render δ-Ni2Si as the 

first phase. Further studies will be needed to discover the Pt solubility difference in all 
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silicides for quantitatively discussion. Together with results in Fig. 18 and Fig. 22, we have 

demonstrated how to manipulate Ni31Si12, δ-Ni2Si, θ-Ni2Si, Ni(Pt)Si and NiSi2 to form as the 

first phase under different template structure and growth conditions. By selectively 

controlling the growth rate of Ni silicides and tuning the first phase, we confirm the kinetic 

competition mechanism determines the phase formation in 1-D structures. The conditions to 

form these silicides are summarized in Table 4. 
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Chapter 5 Influence of the additional Pt atoms on NiSi formation and its electrical 

properties 

5.1 Electrical properties of Ni(Pt)Si NWs from two terminal measurements 

The electrical properties of Ni(Pt)Si NW are tested as a benchmark of NW’s quality. Two 

Ni pads with a narrow gap (~250 nm) in between are patterned by e-beam lithography to 

make the Si NW in gap fully silicided. As shown in Fig. 23, the resistivity and the maximum 

current density of Ni(Pt)Si are found to be 20.02 µΩ−cm and 1.31 ×108 A cm-2 from the two 

terminal measurement, which are close to the reported values of NiSi.6,65 According to other 

studies, Ni(Pt)Si has a shorter mean free path, lower junction leakage and higher thermal 

stability than pure NiSi.65,66 Therefore, Ni(Pt)Si NW is a promising candidate for 

nano-interconnects, nanocontacts and is more flexible for post-silicidation annealing. 

 

Fig. 23 Two terminal measurement of Ni(Pt)Si resistivity. (a) SEM image of two terminal 
measurement for Ni(Pt)Si form in Si NW with a 5 nm pt interlayer and a 22 nm Al2O3 shell. 
(b) Id-Vd curve with two terminal measurements. 
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5.2 Fabrication of long Ni(Pt)Si NWs 

  To measure the real resistivity of Ni(Pt)Si without contact resistance between Ni pad and 

silicides, longer Ni(Pt)Si NWs is required. However, from the lateral structure in Fig. 23, it is 

hard to have long, pure Ni(Pt)Si NW without forming Ni richer phases after a long annealing 

time. Therefore, a new metal/Si NW diffusion structure is adopted as shown in Fig. 24. 

 

Fig. 24 Process flow to fabricate long Ni(Pt)Si NWs. 

  Si NWs are first dispersed on TEM membranes or Si nitride substrates. Native oxide on the 

Si NW is removed by BOE and 1-5 nm Pt interlayer and 6-15 nm Ni films are deposited to 

cover the whole NW in an e-beam evaporator. A 20-30 nm thick ALD Al2O3 film is deposited 

on top of the metal films to serve as a protecting layer. Samples are then heated at 550 ℃ for 

30 mins to form Ni(Pt)Si. After reaction, Al2O3 film is etched by RIE and excess metal films 
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are then etched in a H2SO4:H2O2:H2O=1:1:4 solution for 5 mins. Ti and Au pads are patterned 

through e-beam lithography to serve as contacts in the four terminal measurements. Four 

terminal measurements are operated in Lakeshore TTP4 probe station from 300-360 K.  

5.3 Electrical properties of Ni(Pt)Si NWs from four terminal measurements 

  With the structure described in section 5.2, we are able to perform the four terminal 

measurements on a long NiSi NW to get rid of the contact resistance. The resistivity of 44.2 

to 90 nm Ni(Pt)Si NWs are summarized in Table 5. As the diameter of the Ni(Pt)Si NW 

scales down to 44.2 nm, the resistivity does not increase but is somehow scattered. This is a 

result the over estimation of the NW diameter from top down SEM images with limited 

resolution and side effect. Therefore, we pick two NWs with close diameters to prepare cross 

sectional TEM samples by FIB.  

Table 5 Resistivity of Ni(Pt)Si NW as a function of diameter 

Diameter (nm) 44.2 53.0 55.5* 60.0* 60.4 70.0 73.0 90.0 

Resistivity 
(µΩ-cm) 

30.43 20.00  
15.35 
(5.48)  

9.13 
(4.95)  

29.84  27.80  23.92  17.92  

Current density 
(×107A/cm2) 

4.02 2.41 
3.79 

(7.23) 
4.34 

(10.18) 
4.63 4.38 4.21 2.12 

Diameters of Ni(Pt)Si NW are estimated from top down SEM images 
*Phase confirmed as Ni(Pt)Si and diameter recalculated by FIB prepared cross sectional 
TEM sample. Numbers in parenthesis are recalculated by TEM 
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Fig. 25 (a) Cross sectional TEM image of a Ni(Pt)Si NW in Table 5. (b-c) High resolution 
image and FFT pattern of the NW. (d) Two and four terminal IV curve of the NW. 

As shown in Fig. 25, the measured diameter of the Ni(Pt)Si NW from a TEM image is 

much smaller than that from a SEM image. The 55.5 nm NW (estimated from SEM, 15.35 

µΩ-cm) is actually 31.5 nm with a resistivity of 5.48 µΩ-cm. The other 60 nm NW (from 

SEM) is also overestimated and its real resistivity is 4.95 µΩ-cm. This indicates the scattered 

resistivity in Table 5 is a result of diameter and cross sectional area overestimation. From 

TEM characterizations, we confirm the phases of the two FIB cut NWs are indeed Ni(Pt)Si. 

Interestingly, the recalculated resistivity (close to 5 µΩ-cm) are lower than the reported data 
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in thin film which is 19-24 µΩ-cm with 5-10 % Pt.65 The lower resistivity might be attributed 

to the nature of single crystal Ni(Pt)Si NW without grain boundary scattering. A similar effect 

has also been reported in a single crystal NiSi NW with resistivity of 9.8 µΩ-cm (without a 

precise diameter estimation from FIB and TEM) while its thin film resistivity is 15 

µΩ-cm.6,65 From the TEM images and FFT pattern in Fig. 25a-c, we also rule out the 

possibility of excess metals (Ni or Pt) as parallel conducting paths. The clear surface shows 

the excess metals after silicidation are totally etched away. 

 

Fig. 26 (a) TCR value of the Ni(Pt)Si NW. (b) Cross sectional TEM image of the Ni(Pt)Si 
NW. The phase is identified from high resolution image and FFT pattern. (c) Two and four 
terminal measurement of the Ni(Pt)Si NW. (d) Resistivity of a pure Si NW. 
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  We also measure the resistance of Ni(Pt)Si NW from 300-360K and to extract the 

temperature coefficient of resistance (TCR) value. The resistivity of a Ni(Pt)Si NW with 

diameter of 89.91 nm has been measured (Fig. 26). Since the NW is half reacted, we use 

Image J to estimate the cross sectional area of silicide part and use this number to calculate 

the resistivity (Fig. 26b). The resistivity of pure Si NW (without silicidation) is >26.2 GΩ-cm 

which makes its contribution to the conducting negligible (Fig. 26d). The phase is identified 

from high resolution image and FFT pattern. 

The definition of TCR is as follow: 

( ) 1RT
RT

R T T
R

α= − +  

  where the R is the resistance at temperature T, RRT is the resistance at room temperature, 

TRT is 300 K and α is the TCR. As shown in Fig. 26a, the TCR value of the NW is 0.000191. 

This number is one order lower than the reported number of NiSi NW (TCR=0.0022).67 In 

some of the metal solid solutions, the TCR are found lower as the concentration of solute 

increases.68 More electrical properties measurements should be studies to understand the Pt 

effect to the resistivity and TCR lowering.  
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Fig. 27 Process window to form NiSi in samples with and without Pt interlayer. (a-d) 
Samples with an atomic ratios of Si/Ni=0.936-1.219 form NiSi without Pt interlayer. (e-h) 
Samples with an atomic ratio of Si/Ni=0.079-2.034 form NiSi with 1 nm Pt interlayer.  

5.4 Wider processing windows of Ni(Pt)Si than pure NiSi 

  As mentioned in Chap. 4, Pt has higher solubility in NiSi than that in NiSi2 and δ-Ni2Si 

which suppresses the growth of those low resistivity phases. Indeed, as we optimize the 

thickness of Ni film and the diameter of the NWs to obtain NiSi and Ni(Pt)Si NWs, samples 

with Pt interlayer has a much wider processing window. As shown in Fig. 27a-d, the atomic 

ratio of as prepared Si NW with a Ni film on top to form NiSi is 0.936-1.219 without Pt 

interlayer. Here we assume only the top half surfaces of the NWs are contacted with metal 

films. Under the same annealing condition, the ratio to form NiSi with a 1 nm Pt interlayer 

has been made wider to 0.079-2.034 (Fig. 27e-h). In fact, 6-15 nm Ni films with 1 nm Pt can 

transfer Si NWs to 7-93 nm Ni(Pt)Si which gives more tolerance to the size of Si NW and 

uniformity of Ni film thickness in the lithography, etching and deposition prior the 
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silicidation for a large scale manufacturing. This can significantly increase the yield to form 

Ni(Pt)Si contacts and interconnection in integrated circuit and save money.  
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Chapter 6 Phase formation in other silicide systems 

6.1 Phase formation of Co silicide 

In Chap. 3 and 4, the kinetic growth competition is used to explain the first phase selection 

and to manipulate the phase formation through template modulation. In order to confirm this 

model can also be applied to other silicide systems, we show the phase formation results of 

Co and Pd silicide systems in this chapter. 

Co-Si system is chosen for its well studied kinetic behaviors in 2-D system and similarities 

of crystal structure and phase formation sequence to Ni silicides. Cubic CoSi2 (space group 

225, Fm3�m, a=5.365 Å) shares the same atomic structure with NiSi2 (space group 225, 

Fm3�m, a=5.416 Å) with close lattice constants while orthogonal Co2Si (space group 62, 

Pnma, a=4.918 Å, b=3.738 Å and c=7.109 Å) can be paired up with δ-Ni2Si (space group 62, 

Pnma, a=4.990 Å, b=3.720 Å and c=7.030 Å).40,69–71 Among Co silicides, Co2Si forms as the 

first phase in 2-D structure due to its fastest growth rate which is also similar to δ-Ni2Si.72 In 

addition, Co silicide is also known for its phase formation sequence: diffusion controlled 

Co2Si first forms at a low temperature and transfers into another diffusion controlled phase, 

CoSi at 450-500 ℃. After a annealing at 750-900 ℃, CoSi will react with Si and transfer into 

a nucleation controlled phase CoSi2.12,73 All these similarities valuable kinetic data make 

Co-Si system a good candidate to double check the kinetic competition model. 
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Fig. 28 Co silicide formation after annealed at 800 ℃ for 3 mins. (a) TEM image of the NW 
which breaks at the interface. (b) High resolution image and SAED pattern of Co2Si. (c) High 
resolution image shows the extrusion of Co silicides with a continuous lattice structure from 
the stem. 

As shown in Fig. 28, after annealed at 800 ℃ for 3 mins, Co2Si form as the first phase in a 

140 nm Si NW. In the growth, some extrusions from the stem with continuous lattices are 

observed on the surface of the NW (Fig. 28c). This is very different from the results in Ni-Si 

system where the NiSi2 dominates as the first phase due to the elimination of grain boundary 

along axial direction in 1-D structures.  

To discuss the growth rate of the Co silicides, we have to determine the diffusive species in 

all these phases. Unlike Ni and Pd silicides, where metals are always much more diffusive 
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than Si, the moving species in Co-Si system switches between Co and Si.74–76 In Co2Si, Co 

diffusion is 10 times faster than Si, while in CoSi, Si is the dominant moving species. On the 

other hand, in CoSi2, the Co and Si diffusion are close and both contribute to the growth rate 

of CoSi2. Therefore to discuss the growth rates of Co silicides, we have to use the concept of 

integrated diffusivity    to consider the interdiffusion of Co and Si. 

The definition of integrated diffusivity is  

 

Where    is the interdiffusion coefficient 

  

XCo and XSi are the molar fractions of Co and Si, DCo and DSi are diffusion coefficients of 

Co and Si. Since interdiffusion coefficients are not always a constant, we need to integrate 

at various molar fraction regions.  

To fairly compare the integrated diffusivities of Co silicides, we can only use data from 

one single group since the measurements from different research groups might contain 

systematic errors. In van Dal’s study, the integrated diffusion coefficient of Co2Si at 1100 ℃ 

is 2.13×10-14 m2/s which is much larger than that of CoSi (4.36×10-15 m2/s) and CoSi2 

(7.80×10-16m2/s).76 Consider the activation barrier of Co2Si (2.03-2.26 eV/atom) is lower than 

that of CoSi (2.17-2.61 eV/atom) and CoSi2 (2.77-3.25 eV/atom),41 the integrated diffusion 

coefficient of Co2Si at lower temperature (800 ℃) will be much larger than that of CoSi and 

intD DdX= ∫ 

Co Co Si SiD X D X D= +

D

intD

D
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CoSi2 which makes Co2Si more competitive and to form as the first phase in polycrystal 

structures.  

In our case, the geometry of NW eliminates the continuous grain boundary of silicides 

along axial direction and thus the Co/Si diffusion in single crystal silicides should also be 

considered. In Co2Si, the majority of Co diffuses through Co2Si lattice with a vacancy 

mediated mechanism which makes its diffusivity and activation barrier in a single crystal 

structure remain similar values as in a polycrystal structure since the grain boundary 

contribution is not significant.76 However, in CoSi2, the activation barrier of Co and Si raises 

from 2.5 eV/atom (Co through grain boundary diffusion) and 2.7 eV/atom (Si through grain 

boundary diffusion) to 2.8 eV/atom (Co through lattice diffusion) and 3.2 eV/atom (Si 

through lattice diffusion), respectively. The increased activation barrier makes the Co as the 

only diffusive species in a single crystal CoSi2 and slows down growth rate of CoSi2 

significantly. In CoSi, since the Si diffusion is much faster than Co, Si atoms in the nanowire 

will diffuse into the Co pad to form CoSi in the reaction. Therefore, CoSi can never grow out 

from the pad area into the Si NW and to compete with other phases. This is similar to Ti-Si 

system, where the Si diffusivity is two orders higher than Ti, Ti silicides do not grow out 

from the Ti pad even after a long annealing (Fig. 29).77,78  

The modified kinetics in 1-D structure makes Co2Si even more competitive than in 2-D 

structure. This explains why the Co2Si forms as the first phase in 1-D structure while δ-Ni2Si 
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is replaced by NiSi2. The kinetic competition model is again confirmed by the Co-Si system. 

Unfortunately, the Co2Si NW easily breaks at the silicide/Si interface and stops growing after 

a short annealing time which makes it hard to further study under in-situ TEM and extract the 

kinetic parameters as we did in Ni-Si system.  

 

Fig. 29 No Ti silicide grows out from the Ti pad after annealing at 800 ℃. (a) Bright field 
image of the nanowire and Ti pad. (b-d) Elemental mapping of the NW and Ti pad at the 
squared area in (a). 

6.2 Phase formation of Pd silicide 

Pd silicide has also been systematically studied in thin film structure due to its importance 

on the diffusion mechanism and Schottky barrier height engineering.79–81 Pd2Si, the first and 
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only formed phase in 2-D structure, is very competitive in growth and thermally stable (up to 

800 ℃) which simplifies the kinetic studies as a single phase system and offers a wide 

temperature range to study.81,82 Therefore, Pd silicide is an important lesson to understand the 

dynamic interdiffusion between metal and Si.  

Very interestingly, the dominant diffusion species in the growth of Pd2Si can be switched 

between Pd and Si from the reported data with inert markers and radioactive markers.75,82,83 

In the formation of polycrystalline Pd2Si, Si is the dominant diffusive specie with an kinetic 

barrier of 1.5-1.7 eV/atom through grain boundary of Pd2Si. Meanwhile, in a single crystal 

Pd2Si, the kinetic barrier of Si will be raised to 2.1 eV/atom and make the Pd becoming the 

dominant diffusion species. It is worth to mention that Pd2Si forms as the first phase in both 

2-D single crystal and polycrystal structures which indicates it is very competitive to other Pd 

silicides. 

In our case, Pd2Si forms at 550 ℃ in a Si NW template as shown in Fig. 30a-b. Again, the 

geometry of NW eliminates the possibility of grain boundary along axial direction in the wire 

and makes the interdiffusion similar to that in a single crystalline 2-D structure where Pd is 

the dominant diffusive species. The contrast switching between two Pd2Si grains in Fig. 

30a-b is due to different tilting angle of the sample in TEM. As the grain zone axis is aligned 

with the electron beam, more electrons will be scattered and not able to penetrate the sample 

which shows darker contrast in the images. Meanwhile, the Pd2Si formed in the NW 
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underneath and in the Pd pads is similar to a polycrystalline thin film since and the grain 

boundary in the radial direction also contributes as a fast path for Si to diffuse into Pd. 

Therefore, Si is more diffusive than Pd underneath and in the Pd pad. As a result, Pd diffusion 

might be limited and slows down the growth of Pd2Si due to the formation of Kirkendall 

voids in the supply channel underneath the Pd pad.  

 

Fig. 30 Phase formation of Pd silicide after annealed at 550 ℃. (a) and (b) are the same wire 
at different tilting angles. Pd2Si form in a Si NW template and the NW is broken at the 
silicide/Si interface. (c) Pd2Si forms in a Si NW with thick ALD Al2O3 shell without breaking 
the NW. (d) High resolution image at the Pd2Si/Si interface in (c). No epitaxial relation is 
found. The phases are identified from FFT/SAED patterns and high resolution images in 
insets. 
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It is interesting that the NW in Fig. 30a-b is broken at the interface. From the in-situ TEM, 

we saw the wire is broken during the annealing which rules out the contribution of thermal 

stress to break the NW when it cools down. According to the Poisson’s effect, when the NW 

expanses in the radial direction during the phase transformation, it will simultaneously tend to 

shrink in the axial direction. This shrinking of the silicide region may pull at the interface and 

eventually break the NW since Si part is attached to the substrate due to the capillary force.  

To confirm the capillary force is strong enough to hold the Si NW, we dispersed the Si NW 

on the substrate as stand process in Chap. 2 then poked it with an omni probe in FIB. The Si 

NW is found strongly attached to the substrate and do not move when the probe touches it. As 

we push harder and harder, the Si NW beaks instead of bends which shows the strong 

connection between the NW and the substrate.  

To suppress this breaking formation, a thick ALD Al2O3 is deposited to cover the NW 

before annealing. Again, as the silicide grows into NW, the volume expansion is suppressed 

and the growth rate is slowed down as shown in Ni silicide system. The less expansion of 

Pd2Si in the thick shell decrease the pulling force to the interface and helps the Pd2Si to grow 

without breaking (Fig. 30c-d). No epitaxial interface form between Pd2Si and Si (Fig. 30d). 

More kinetic studies especially with in-situ TEM are needed to understand the complicated 

interdiffusion with the switching dominant diffusive species.   
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Chapter 7 Summary 

We have demonstrated that the size-dependent phase formation in Si NW templates can be 

understood with a kinetic competition mechanism. Coexistence of multiple phases at initial 

stage confirms nucleation does not limit the appearance of non-first phases. Our studies 

suggest diffusion-limited δ-Ni2Si (conventional first phase in thin film) is suppressed in the Si 

NW due to the elimination of grain boundary diffusion, instead, interfacial-limited NiSi2 

appears as the dominant first phase in Si NWs. In the 1-D nanotemplate, linear-parabolic 

transition was observed for NiSi2 in crystalline Si lattice, which enables the first time 

extraction of the activation energies for Ni diffusion in NiSi2 lattice and for interface reaction 

at Si/NiSi2. In specific, similar value of activation barrier and diffusivity of Ni diffusion in 

single crystal NiSi2 (in Si NW) and in polycrystalline NiSi2 suggests grain boundary diffusion 

is not a significant contribution. The studies also demonstrate that the activation barriers of 

NiSi2 are lower than that of δ-Ni2Si for lattice diffusion, but higher than the diffusion barrier 

of δ-Ni2Si through grain boundaries, confirming that the elimination of grain boundaries 

renders NiSi2 more competitive, leading to its replacement of δ-Ni2Si as the first phase in Si 

NW. The extracted parameters are then used to explain the kinetic competition which leads to 

the size dependant first phase selection observed at 800 ℃.  

In addition, the manipulation of Ni31Si12, δ-Ni2Si, θ-Ni2Si, NiSi2 and finally NiSi as the 

first phase by tuning the growth rates of targeted silicides has been demonstrated. Firstly, the 
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growth rate of silicides can be selectively tuned through template structure modifications. In a 

porous template, the growth rate of the diffusion limited phase is more enhanced as opposed 

to the interface limited phase due to shorter diffusion length. With thick shells, the growth 

rate of silicides will be selectively decreased depending on volume expansion during 

silicidation. Secondly, a Pt interlayer can suppress the formations of low Pt solubility 

silicides, especially dominating NiSi2. Finally, with a combination of Pt interlayer and oxide 

shells, we can open a processing window for desired NiSi by suppressing NiSi2 with a Pt 

interlayer and hindered Ni31Si12, δ-Ni2Si and θ-Ni2Si with thick shells. Element mapping and 

line scanning confirm the Pt distribution difference in NiSi and NiSi2. Pt uniformly exists in 

NiSi while the majority of Pt precipitates to the surface of NiSi2 causing a higher kinetic 

barrier and suppression of the NiSi2 formation. Interestingly, epitaxial interface between NiSi 

(with Pt substitution) and Si, which is arguably the determining factor of enhanced NiSi 

growth in thin film, is not observed in NWs which further indicates herein kinetic modulation 

rather than interfacial energies determines the formation of NiSi over NiSi2 with Pt present. 

Resistivity of single crystal Ni(Pt)Si NW from two and four terminal measurements are 

compatible to pure NiSi. With shorter mean free path, Ni(Pt)Si has a lower resistivity than 

NiSi in small scale which makes it a perfect material for being nano contacts. 

Phase formations of Co silicide and Pd silicide have also been studied. Conventional first 

phase in Co-Si 2-D structure, Co2Si, is still the primary phase in 1-D system. This is because 
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the majority of Co diffuses through lattice and thus the elimination of grain boundary along 

the axial direction does not impede the growth of dominating Co2Si as it does to δ-Ni2Si. In 

Pd-Si system, Pd2Si, dominates in 1-D structure with a huge volume expansion and leads to a 

broken interface. An Al2O3 thick shell is found effective to suppress the formation of the 

breaking interface by applying a compressive stress to the NW. This study demonstrated the 

potential for reliable and predictable phase formation for high performance nanodevices 

through fundamental understanding of the kinetics of material behaviours at nanoscale. With 

the understanding of silicide competition growth mechanism, we can kinetically manipulate 

desired phase, such as Ni(Pt)Si, to form in 1-D structures. 
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