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Abstract 

Laser Assisted Direct Local Synthesis of Semiconducting Nanowires 

by 

Sang Gil Ryu 

Doctor of Philosophy in Engineering-Mechanical Engineering 

University of California, Berkeley 

Professor Costas P. Grigoropoulos, Chair 

Semiconductor nanowires have been in the spotlight, carrying great promise for 
realization of future generation devices spanning diverse fields including electronics and 
photonics, biotechnology, and energy conversion and storage. In order to realize these 
functionalities, new techniques must be developed that will enable the precise layout 
and assembly of the homogenous or heterogeneous components into functional 
superblocks. This thesis puts forward laser assisted direct localized growth as a 
promising route for the synthesis of semiconductor nanowires that has been previously 
hard to achieve. 

 
Laser has been considered as a versatile and efficient tool for micro- and nano-

structure fabrication for several decades. By taking advantage of rapid and spatially 
confined heating capabilities of laser radiation, nanostructures can be synthesized only 
within a confined high temperature region over the threshold processing temperature. 
The surroundings structure hence remains at room temperature, allowing minimization 
of damage of various device components that lie on the wafer platform. In addition, via 
the direct synthesis capability, nanoscale materials can be grown with an arbitrary 
position accuracy. 

 
In this study, laser assisted silicon nanowire (SiNW) growth is explored using 

assembled gold nanoparticles (AuNPs) on the silicon thin film. Continuous wave (CW) 
laser illumination is employed of 514 nm wavelength and different laser illumination 
direction. Parametric study is carried out by controlling the process conditions such as 
growth time, laser power, and laser illumination direction, which demonstrates the 
advantage of laser-assisted process. Film-side illumination is favorable for localized 
heating within the catalysts through plasmonic resonance and allows one-dimensional 
(1-D) nanowire growth at very early stage. However, subsequent growth is dominated 
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by secondary silicon deposition on the pre-grown portion of nanowires. On the contrary, 
substrate-side illumination enabling indirect heating of the catalysts through the light 
absorbing layer of amorphous silicon film thicker than the optical penetration depth of 
the laser radiation leads to stable and controlled growth of silicon nanowires. Although 
kinetic analysis confirms that the growth behavior follows the usual Arrhenius growth 
trend, it is shown that the growth rate of laser-assisted silicon nanowires is faster than in 
conventional furnace based growth possibly due to three-dimensional diffusion of 
reactant gases into the localized hot spot.  

 
Motivated by the fast localized heating capability of laser enabling high 

temporal resolution, a detailed investigation is carried out on the mechanism of laser 
assisted growth of SiNWs such as diameter- and temperature-dependence of nucleation 
and catalyst diameter dependence of activation energy of the diffusion of silicon 
through solid Au. From this investigation, it is confirmed that laser-assisted technique 
comprises a systematic tool to explore nano-synthesized materials. 

 
To realize SiNWs-based devices, it is also important to grow them with 

controlled direction, and arrange, or assemble as-grown SiNWs on existing device. 
However, most techniques to date face problems with their low yield or insufficient 
spatial resolution. In this study, two fabrication methods are proposed that are more 
favorable for direct fabrication of semiconducting nanowires on prescribed devices 
without post-process such as alignment and assembly. One is to employ an optical near-
field probe coupled with a laser. Confined beam beyond the diffraction limit by 
employing optical near-field probes enabling nanoscale heating source realizes the 
growth of a single SiNW from a specific catalyst particle among the randomly 
distributed and separated by nanometric distances AuNPs on the substrate. The other is 
to employ an electrically biased sharp tip, which is more focused on the controlled 
growth of a SiNW as well as highly selective growth. It is demonstrated that a short 
SiNW can be grown and aligned along the direction of the induced electric field by 
pulling the catalyst (AuNP) along the same direction thanks to strongly enhanced 
electrostatic force by a biased sharp tip. The electrostatic force is also examined as a 
driving force by a biased sharp tip. As a calibration step, the deflection of the tip with 
respect to applied bias voltage is measured and the force is quantified by Hook’s law. 
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NOMENCLATURE 

Lc  = silicon content of the liquid phase 

Sc  = silicon content of the solid phase 

d  = catalyst diameter [nm] 

LD  = diffusion coefficients of silicon through liquid  

SD  = diffusion coefficients of silicon through solid gold 

h  = convective heat transfer coefficient [W/m2K] 

0I  = incident laser intensity [W/m2] 

ek  = coulomb force constant 

mk  = thermal conductivity of surrounding medium [W/mK] 
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P  = laser power [W] 

mP  = threshold laser power [W] 
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R =  reflectivity of laser from Si film 

stt  = steady time taken as a time to reach 1/e of maximum temperature 
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T  =  temperature [K] 
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UGreek Letters 
 

  = the specific free energy of the catalyst surface 

Si  = thermal diffusivity of silicon thin film [m2
P/sec] 

0  = electric constant [F/m] 

  = wavelength of the laser beam [nm] 
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x 
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CHAPTER 1 
 

INTRODUCTION 
 
 

 

1.1 Semiconductor Nanowires 
 

Semiconducting nanowires have been basic components in a wide range of 
future generation devices ranging from photonicsP

1,2,3,4,5,6,7
P and electronicsP

8,9,10,11,12,13,14,15
P 

to energy conversion and storage,P

16,17,18,19,20,21,22,23
P biological sensing,P

24,25,26,27,28,29,30
P and 

nano-electro-mechanical systems (NEMS)P

31,32
P due to their unique propertiesP

16,17,18
P 

stemming from the one-dimensional structure that is unseen in the bulk form. The 
Vapor-Liquid-Solid (VLS) growth mechanism has been a very promising fabrication 
method for semiconducting nanowires since 1960s’ introduced by Wagner and EllisP

33
P 

due to high aspect ratio achievable without conventional lithography processes. 
However, to realize the semiconducting nanowire-based device, new techniques must 
be developed that will enable precise layout and assembly of heterogeneous components 
into functional ‘superblocks’. Even though high level of compositional and orientation 
control in nanowire growth has been achieved, the post-synthesis assembly steps even 
by state-of-the-art optical or optoelectronic tweezingP

34,35
P are not yet sufficient for 

allowing high spatial and angular precision. As an efficient route towards this goal, 
several research groups have demonstrated direct growth of nanowiresP

36,37
P or 

nanotubesP

38,39,40,41,42
P on specific parts of the sample platform by local laser illumination. 

However, understanding of the laser-assisted nanowire growth is still in infancy. 
Especially, laser-assisted growth of semiconductor nanowires under reasonable control 
has not yet been reported, preventing the laser-assisted growth technique from being 
actively used in a variety of application fields. In this thesis, laser-assisted growth of 
SiNWs is in detail studied. Recent results on highly selective and controlled direct 
growth of a single SiNW will be presented. 
 
 
1.2  Scope of Dissertation 
 

In chapter 2, laser-assisted silicon nanowire (SiNW) growth based on vapor-
liquid-solid (VLS) mechanism is studied. By spatially confining the nanowire growth 
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region via focused laser beam illumination, multi-parametric study is carried out in a 
single platform by controlling the process conditions such as growth time, laser power, 
and laser illumination direction. 

In chapter 3, with arbitrary temporal resolution by taking advantage of the fast 
localized heating capability of laser that cannot be achieved in conventional furnace 
conditions, a detailed investigation is carried out on the mechanism of laser-assisted 
growth of SiNWs. Specifically, catalyst diameter and temperature dependence of 
nucleation time and catalyst diameter dependence of activation energy required for the 
diffusion of silicon through solid Au are experimentally investigated.  

Chapter 4 presents selective growth of a single silicon nanowire (SiNW) by 
employing an optical near-field technique. A nanoscale heat source is achieved by a 
focused laser coupled with an optical near-field probe. Due to limited thermal budget 
obtained from the probe, focused laser illumination is spatially overlapped. Therefore, 
the function of optical near-field based illumination is to trigger the process with high 
spatial resolution. By combining the two illumination schemes, optimal conditions for 
highly selective growth of SiNW are explored with relevant heat transfer analysis. 

In Chapter 5, further effort to improve the orientation of SiNW growth is made 
by implementing electrically biased tip. Amorphous silicon film is selected to facilitate 
the arbitrary crystalline direction from the substrate. The plasma ignition is suppressed 
through the current limit. The electrostatic force is examined as dominating driving 
force for direction control. As a calibration step, the deflection of the tip with respect to 
applied bias voltage is measured. 

Chapter 6 summarizes and highlights the conclusion of the present work and 
suggests possible future research directions. 
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CHAPTER 2 
 

LASER ASSISTED DIRECT GROWTH OF 
SILICON NANOWIRES IN A LOCALIZED AREA 

VIA THERMAL ACTIVATION 
 
 

  Nanoscale-synthesized materials hold great promise for the realization of 
future generation devices. In order to realize this exceptional promise, new techniques 
must be developed that will enable the precise layout and assembly of the 
heterogeneous components into functional ‘superblocks’. Direct synthesis of 
nanostructures via laser-assisted chemical vapor deposition process is one promising 
route. In Chapter 2, laser-assisted silicon nanowires growth based on vapor-liquid-
solid (VLS) mechanism are studied. By spatially confining the nanowire growth 
region via focused laser beam illumination, a convenient way to examine multiple 
growth parameters (temperature, time, illumination direction) is developed, thereby 
elucidating fundamental mechanisms of laser-assisted growth in a single sample 
configuration. Furthermore, a superior capability of direct synthesis of multi-
parametric nanostructures is demonstrated for the purpose of practical rapid patterning.  
 
 
2.1 Overview 
 

Nanoscale-synthesized materials hold great promise for the realization of future 
generation devices spanning diverse fields including nanowire-based applications in 
fields such as energy conversionP

21,19
P and energy storage,P

23,43
P optoelectronics,P

44,45
P and 

biotechnology.P

46,47
P To realize this promise, new techniques must be developed that will 

enable the precise layout and assembly of heterogeneous components into functional 
‘superblocks’. Even though high level of compositional and orientation control in 
nanowire growth has been achieved, the post-synthesis assembly steps even by state-of-
the-art optical or optoelectronic tweezingP

34,35
P are not yet sufficient for allowing high 

spatial and angular precision. As an efficient route towards this goal, several research 
groups have demonstrated direct growth of nanowiresP

36,37
P or nanotubesP

38,39,40,41,42
P on 

specific parts of the sample platform by local laser illumination. Although additional 
catalyst related mechanisms such as vapor-liquid-solid (VLS) maybe involved, the 
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laser-assisted nanowire (nanotube) growth essentially falls into the category of laser 
chemical vapor deposition (LCVD) that has been actively explored for a few decades18 
as an extremely versatile materials synthesis technique enabling the formation of 
technologically attractive microstructures of well-defined dimensions in a single-step 
maskless process.P

49
P The decomposition of precursor molecules in LCVD can be 

activated either thermally (pyrolytic process) or non-thermally via sufficient photon 
energy typically from ultraviolet laser radiation (photolytic process) or by a combination 
of both (photophysical prcess). The pyrolytic LCVD offers major advantages of high-
purity at fast deposition rates and hence has been preferred in achieving high quality 
epitaxial nanowire growth in conjunction with VLS mechanism. While fundamental 
mechanisms in traditional LCVD have been studied in great detailP

49,50
P understanding of 

the laser-assisted nanowire growth is still in its infancy. Especially, laser-assisted 
growth of semiconductor nanowires under reasonable control has not yet been reported, 
preventing the laser-assisted growth technique from being actively used in a variety of 
application fields. 

In this chapter, laser-assisted silicon nanowire growth is presented. A focused 
laser beam (continuous wave laser of green wavelength) was illuminated onto Au 
nanoparticles of ~30 nm diameter assembled on thin amorphous silicon film (~2 m) 
deposited on fused silica wafer. Various growth conditions (temperature, time, and 
laser illumination direction) are examined for a single sample domain in order to 
elucidate fundamental laser-assisted growth mechanisms, taking advantage of lasers in 
terms of precise control of local growth temperature and growth time. The effect of 
laser illumination direction (film side and substrate side illumination) on the silicon 
nanowire growth is explored in conjunction with local field enhancement of laser 
beam in the nanostructures. It is noted that the overarching aim of this experiment is to 
demonstrate the promise of direct and localized growth of nanostructures by lasers. 

 
 

2.2 Experimental Setup 
 

Figure 2-1 shows a schematic diagram of laser-induced nanowire growth 
system. The sample configuration tested in this experiment was Au nanoparticles of 30 
nm diameter (Tedpella Inc.) assembled on amorphous silicon film of ~2 m thickness 
sputtered on fused silica wafer (Hoya) in room temperature. Continuous wave (CW) 
laser beam of 514.5 nm wavelength (Ar ion laser, Innova, Coherent) was focused via 
an objective lens on the Si film both through the transparent substrate and against the 
film side at ~10 m focal spot diameter. The ~2 m film thickness was selected since 
this thickness exceeds the optical penetration depth of laser into the silicon film 
(measured value by an ellipsometer was ~0.171 m) in order to minimize direct Au 
catalyst heating effect in case of substrate side illumination but at the same time 
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guarantee sufficient absorption of energy from laser by the film for both illumination 
cases. Processing gas was ~0.9% SiH4 diluted in Helium. For gas environment control, 
the sample was enclosed within a custom-made vacuum chamber, equipped with 
optical windows allowing optical access via a dual upright/inverted microscope 
scheme. The chamber is first evacuated (~1 mTorr) followed by Ar gas flowing at 
~200 sccm for 10 minutes for purging purpose. Then, processing gas was introduced 
at ~200 sccm by a mass flow controller, maintaining target total chamber pressure at 
~650 Torr (set at relatively high pressure due to limited SiH4 gas concentration)P

51
P by 

an exhaust valve controller. Laser power (i.e. growth temperature) control was 
achieved by an attenuator set (a half-wave plate and a polarizing beam splitter), and 
laser illumination time (i.e. growth time) was precisely controlled by an optical switch 
in the range of ~1-60 s. As will be separately discussed in the later section, short 
heating and cooling time scale by laser (typically < ~10-100 s for continuous wave 
laser upon micron scale focusing)P

50
P enables extremely precise control of growth time 

compared to the conventional furnace heating (> ~10 s time control accuracy).P

51
P 

Multiple reaction temperature conditions can be easily plugged in a single sample 
once steady gas condition is achieved (typically in a few minutes), and multiple gas 
conditions can be also tested since no growth occurs as long as laser is off during the 
gas stabilizing process. Both transmission and reflection optical microscope images 
are utilized for in-situ monitoring of the laser-assisted growth, detecting the evolving 
CVD process. Ex-situ characterization was also performed by a scanning electron 
microscopy (dual beam SEM/FIB system, FEI). 

 
 

2.3 Thermal Analysis & Determination of Temperature 
 
  As the first step to elucidate the laser-induced growth mechanism, it is crucial 
to understand laser-induced temperature temporal evolution and spatial profile across 
the reaction spot. Absorption of laser power by thin Si film and Au particle determines 
the induced heat source term. For the substrate side illumination, the film heating 
plays a major role in the growth, especially when film thickness is much larger than 
the optical penetration depth of laser as in the current configuration. On the other hand, 
the extra heating via direct absorption of laser energy by Au nanoparticles becomes 
important for the film side illumination or when film thickness is small (< optical 
penetration depth), as will be also considered. 
 
 
2.3.1 Heating via laser absorption by thin film 
 



 

6 

Source term inside the film is in the form of volumetric heat source defined by 
reflectivity from the film (estimated using refractive indices measured by an 
ellipsometer, ~0.38 and ~0.23 for film side and substrate side illumination, respectively), 
the optical penetration depth through the Si film (measured value of ~170 nm), and 
Gaussian profile of laser at its focus (~10 m diameter; 1/e2 definition, measured by 
knife edge method). Considering the low heat transfer losses from the sample surface, a 
steady temperature profile is essentially determined when the laser-induced source term 
is balanced by the diffusive loss. The time to reach steady temperature ( stt ) roughly 

scales as ~ 2
laserr / Si  for silicon film, reasonably neglecting the convective and radiative 

losses ( laserr  is laser focal spot radius and it is also an effective heat penetration depth at 

steady state,P

50
P and Si  is thermal diffusivity of silicon thin film), and becomes ~O (10 

s).  
For further understanding of the laser-induced heating characteristics, three-

dimensional heat equation was numerically solved for both film and substrate 
considering the volumetric heat source term in the film and radiative/convective losses 
to the surrounding medium (losses almost negligible).P

52
P Figure 2-2 shows representative 

plots of calculated temperature profiles. According to temperature evolution on top of Si 
film and center location of laser beam, i.e. reaction center (not shown here), stt  R (taken 

as a time to reach 1/e of maximum temperature increase) was ~10 s upon film side 
illumination as expected above. However, stt  at the reaction center upon substrate side 

illumination is extended (~15 s) due to longer thermal diffusion path from source 
location (~bottom of the film) to the reaction center. In Figure 2-2(a), steady state 
temperature (taken values after sufficiently long time elapse; 400 s) at the reaction 
center is plotted as function of illuminated laser power. The linear dependence between 
laser power and the reaction center temperature is utilized for the experimental 
determination of laser-induced temperature increase, as will be explained in later section. 
Temperature profiles along film thickness direction (through the center axis) and lateral 
(radial) direction on Si film surface are displayed in Figure 2-2(b) and 2-2(c), 
respectively, for the laser powers leading to temperature of ~500 C  at the reaction 
center (36.9 mW for substrate side illumination and 38.6 mW for film side illumination). 
While the location of peak temperature in the thickness direction is at the top of the film 
for film side illumination, for substrate side illumination it is on the film-substrate 
interface, as shown in Figure 2-2(b). The fact that higher laser power requirement is 
needed for in the case of the film side illumination to reach similar temperature at the 
reaction center is attributed to the lower reflectivity in conjunction with heat transport 
from heat source location. The lower reflectivity for the substrate side illumination (i.e. 
absorption of more laser energy into the film) essentially leads to higher peak 
temperature for film-substrate interface. However, steady temperature on top of the film 
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is lower than that at the film/substrate interface due to heat diffusion across the film. At 
the specific case of ~10 m laser beam diameter, the temperature at the reaction center 
induced by substrate side illumination is lower than that by film side illumination at heat 
balance. A similar trend has been observed in larger laser spots.P

53
P However, for smaller 

laser spots that are of interest in order to achieve higher spatial resolution nanowire 
patterning, this trend can be reversed; for example, calculations for ~5 m laser spot 
diameter show that the temperature at the reaction center by substrate side illumination 
is lower than that by film side illumination due to increased three-dimensional thermal 
diffusion effect from smaller heat source.P

52
P Temperature completely decays within ~30 

m depth from top of the glass substrate, maintaining most of the substrate thickness 
under room temperature (Figure 2-2(b)), and demonstrating depth-wise localized 
heating capability of lasers. The lateral temperature profiles (Figure 2-2(C)) are close to 
the Gaussian laser beam profile with broadening by effective lateral diffusion lengths 

roughly matched to laserr  or  1/ 2

Si stt  as explained before. Similar diffusion length 

scaling is applied for depth direction (z) as well (Figure 2-2(b)). One can expect that in 
general thinner film would be more advantageous for achieving tighter lateral 
confinement of growth region for the substrate illumination case as long as the film 
thickness is sufficiently larger than the optical penetration depth.  Based on the lateral 
temperature profile at steady state (Figure 2-2(c)), it is expected that precise adjustment 
of illumination laser power will allow lateral dimension of growth region smaller than 
actual laser beam spot size even with continuous wave laser heating. 
 
 
2.3.2 Heating via laser absorption by catalytic Au nanoparticles 
 

Effects of direct laser absorption by the metal particle catalysts are considered 
in respect to two different aspects; contribution to the overall temperature increase at 
the reaction spot (film), and localized heating of the catalytic particles themselves. For 
an approximate estimation of the overall temperature increase in the film via laser 
absorption in particles, simple calculations by Mie theory are performed assuming 
independent scattering regime (average number density of ~200 particles per ~(5 m)P

2
P 

laser spot area, and corresponding average spacing between particles of ~360 nm).P

54
P 

For film side illumination, ratio of absorbed laser power by Au nanoparticles and Si 

thin film within laser spot is roughly scaled as    2

particle laser particler / r / 1absQ N R  

(where particler  is particle radius, absQ , absorption efficiency, particleN , number of 

particles within laser spot, and R, reflectivity of laser from Si film), and becomes ~ 
0.005 (~0.5 %) under current experiment conditions, showing that direct absorption by 
Au nanoparticles does not contribute to the overall temperature increase near the laser 
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spot. This ratio is even smaller for substrate side illumination since approximate 

incident laser intensity is attenuated by factor of    1 /f optR exp z l   (where optl  is 

optical penetration depth, and fz R, Si film thickness), further reducing the fraction of 

direct absorption by particles (~10P

-7
P). Direct laser heating of Au catalysts is less 

important when the substrate is well absorbing with respect to the laser wavelength 
unless number density of the catalysts is very large. On the contrary, if substrate is 
transparent for the laser illumination, direct laser heating of the catalysts is mainly 
responsible for the pyrolytically driven CVD process.  

Even though the contribution of absorption in Au nanoparticles to the overall 
heating is negligible, local temperature of Au catalytic particles is still important since it 
governs the growth of nanowires in the case of film side illumination. Laser-induced 
temperature increase in the particles at steady state is calculated by balancing source 
(absorption) and loss to the surrounding medium. Major loss is through convection 
(conduction through the surrounding medium), safely neglecting radiative loss and 
conductive loss through the substrate due to high contact resistance.P

55
P Through the 

balance of    2 2
particle 0 particle4 r rabsh T I Q    and the approximation of ~ /m particleh k r R 

( 0I  is incident laser intensity, h , convective heat transfer coefficient, and mk R, thermal 

conductivity of surrounding medium), the temperature increase T is estimated as 

particle 0r / 4abs mI Q k . As for film side illumination laser power of ~ 38.6 mW (leading to 

the reaction center temperature of ~500 C ), T in Au nanoparticle is ~36 K for air 
medium and ~6 K for Helium environment. This temperature increase can be 
interpreted as an upper bound of heating in addition to the base heating from the silicon 
film, demonstrating the effect of plasmonic resonanceP

36,37
P in terms of resulting 

temperature increase. If the nanoparticles are on non-absorbing substrate, laser intensity 
higher by two orders of magnitude will be required for nanowire growth. However, it 
should be noted that in actual growth process local temperature and/or phase (molten) of 
Au catalysts will dynamically modify the absorption characteristics and additional 
absorption onto the pre-grown part of Si nanowires will lead to secondary heating of 
pre-grown structures,P

56
P for the film side illumination case. 

 
 
2.3.3 Determination of laser-induced temperature increase 
 

Determination of laser-induced temperature is a necessary step for 
fundamental level studies on laser-based growth kinetics in actual experiments. Laser 
induced temperature increase in thin Si film on glass substrate has been measured by 
several techniques such as infrared emission measurement (pyrometry)P48P and 
reflectivity measurement including over the melting regime.P57P In this study, we 
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followed experimental procedure used by ref.P53P; essentially measuring melting 
threshold laser power and estimating temperature at lower laser power levels by 
assuming linear dependence of the temperature on the laser power (absolute 
temperature calibration enabled by melting temperature of ~1410 C ) as the linear 
dependence displayed in Figure 2-2(a) has been shown valid in a number of similar 
Laser-assisted Si CVD experiments.P53P Utilizing the experimentally measured 
melting threshold laser power ( mP ) at similar gas environment (Helium environment, 

~650 Torr and ~200 sccm) and Si film without Au catalysts, the temperature as 
function of laser power P was determined at (1410-27)(P/ mP )+27 ( C ) , mainly for 

the purpose of assisting the kinetic analysis in the case of  substrate side illumination. 
 
 

2.4 Experimental Results & Discussion 
 

Laser-assisted silicon nanowire growth 
 

SEM images in Figure 2-3(a) and 2-3(b) show bird’s eye views of laser-assisted 
Si naowire growth results for film side illumination and substrate side illumination, 
respectively. It is highlighted that each spot displayed in the figures has experienced 
different growth parameters (laser power; growth temperature, and laser illumination 
time; growth time), allowing implementation of a wide parametric domain in a single 
sample configuration within tight spacing. This variation can be appreciated when 
compared to conventional furnace growthe where altogether new sets of experiments 
would be required to span the same parametric space. Laser-assisted growth not only 
offers a convenient and systematic tool for exploring new types of growth mechanisms, 
but also, in practical aspect, the results show great promise on the direct growth of 
multi-parametric nanowires (e.g. length, composition) at a superior and arbitrary 
position accuracy in programmable manner. As discussed earlier, temperature profile is 
broadened from laser focal spot approximately by a factor of 2 (effective diffusion 
length of laserr  at steady state). However, broadened Gaussian-like temperature profile 

allows the growth spot size smaller than laser focal spot size (examples shown in 
Figures 3, 5 and 6) through precise control of laser power. The size of growth spot can 
be further reduced by use of tighter focus or optical near-fieldP

58
P and/or time modulation 

of laser illumination to reduce the effective thermal diffusion length. Reversely, the 
growth spot size can be readily expanded to the desired spatial extent, implying great 
flexibility in multiscale nanowire patterning by lasers.  

The qualitative difference in growth trend depending on the laser illumination 
direction is clearly shown in Figure 2-3. For laser power in the range of ~23-44 mW, 
film side illumination generated a dark region at the center of the growth spots. Zoom-in 
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images for ~44 mW laser power and 10 s illumination time case displayed in Figure 2-
3(c) and its inset, illustrate that the central dark region was entirely covered with Si as a 
result of rapid Si CVD process. In this case, Si nanowires could be mainly observed at 
the spot periphery and over a noticeably large distance from the spot center. In contrast, 
reasonable nanowire growth trend was achieved upon substrate side illumination 
(Figure 2-3(d)); proper correlation of length with local temperature, still maintaining the 
diameter close to the Au catalyst size. Lateral extent of growth spot is essentially 
dictated by the temperature profile on the reaction spot.  

Use of Gaussian laser beam profile allowed testing of broad range of laser power 
(temperature) dependence within a single laser spot. Zoom-in images in Figure 2-4 for 
substrate side illumination at the laser power of ~59.3 mW (5 s growth time) display 
different CVD regimes in a single laser-grown spot; as representative regimes indexed 
in the figure from the center of the laser spot to outer edge (decreasing local 
temperature), (1) covered with Si film of granular shape as result of rapid isotropic 
growth, (2) nanowire growth at significant simultaneous radial growth rate, (3) 
reasonable nanowire growth, and (4) nanowire growth at reduced growth rate. It is 
noted that laser-based nanowire growth allowed superior growth efficiency (i.e. number 
of grown nanowires per number of Au catalysts within laser illumination spot). Every 
Au catalyst reacted in accordance with local laser intensity (temperature) distribution. In 
comparison with furnace experiments using the same sample configuration (not shown 
here), the growth efficiency was significantly lower with frequent occurrence of non-
reacting catalysts between grown nanowires. Higher growth efficiency by laser proves 
to be advantageous in terms of local growth temperature control capability. 

The multi-parametric growth results shown in Figure 2-3 facilitate a systematic 
study on the laser-assisted growth mechanism. In addition to temperature control by 
adjusting laser power, accurate control of growth time by varying laser illumination 
time (1-60s) enabled comprehensive investigation on the transient behavior of the laser-
assisted growth. In general, the respective parametric study revealed it was very difficult 
to achieve reasonable nanowire growth upon film side illumination. According to the 
transient behavior for film side laser illumination for various laser power levels (Figure 
2-5), nanowires do grow in diameter close to the catalytic particle size at very early 
stage (e.g. 5 s by 19.6 mW laser power, and 1 s by 23.2 mW in Figure 2-5), but in 
subsequent growth process, frequently the nanowire diameter becomes significantly 
larger than the catalyst size. Intrinsic difference of heating by film side laser 
illumination from heating by substrate side illumination is in the enhanced absorption in 
local nanostructures of Au catalyst and pre-grown Si nanowire. This transient behavior 
supports the possibility that thickening of nanowires grown by film side illumination 
may be due to localized heating of grown nanowire (local absorption enhancement in 
the nanowires), leading to secondary Si CVD on the hot nanowire surface. Based on the 
reasonable growth inspected at early stage, the effect of enhanced catalyst heating seems 
to be still favorable. Another supporting evidence is that nanowires with diameter close 
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to the catalyst size are found near edge of illuminated region (i.e. the hot region not due 
to direct laser heating but because of laterally conducted heat from the hotter laser spot) 
as seen from most of the growth conditions. Upon laser power higher than ~29 mW, 
isotropic CVD prevails over the directional growth trend on the catalysts from very 
early stage (look the central region of 29.7 mW case in Figure 2-5) and direct Si CVD 
occurs even in the regions in-between the catalysts. 

On the contrary, substrate side illumination (Figure 2-6) allowed wide range of 
processing window for reasonable nanowire growth (~25-45 mW); nanowire grows 
lengthwise while maintaining diameter close to the catalyst size. In Figure 2-7(a), 
measured length of grown nanowires is plotted with respect to growth time, for different 
laser power levels. The length was measured from ~3-10 nanowires near the center of 
the growth spot (i.e. peak temperature region) for the subsequent kinetic analysis 
purpose. The instantaneous growth rate was initially ~360 nm/s at the laser power level 
of ~44-49 mW, and reduced at lower laser power levels. After almost a linear increase 
in length (i.e. constant growth rate) at the early stage of growth, the growth rate keeps 
decreasing possibly due to the decreasing catalyst temperature as the nanowire grows. 
The saturation trend in growth rate was observed even in furnace process,P

51
P and was 

attributed to the decrease in catalyst temperature rather than the extended Si diffusion 
path since the catalyst remains located on top of nanowires throughout the VLS growth 
process. Under the current heating configuration (substrate side laser illumination), in a 
manner similar to substrate heater configuration, heat should be continuously conducted 
from the substrate to the catalyst through the growing nanowire stem. In an analogy to 
extended surface heat transfer (fin-like), finite heat loss through across the nanowire 
side-wall of nanowire (mediated mainly by collision of Helium molecules) will be 
responsible for the catalyst temperature reduction. When the laser power was ~30 mW 
or lower, initiation of the axial growth took longer than ~1 s (~60 nm length after 3 s at 
30.4 mW, ~110 nm after 10 s at 27.9 mW, ~90 nm after 30 s at 25.3 mW, and ~50 nm 
after 60 s at 23.2 mW). In furnace growth under similar gas conditions,P

51
P a finite time 

was needed to form precursor (i.e. nucleation time) as well; ~15 s at 400 C . In fact, 
experimentally determined temperature by 30.4 mW laser power was around 400 C . At 
that temperature, at which ~3 s was measured as a nucleation time, as the estimated 
temperatures are marked for all the cases of substrate side illumination in Figure 2-6 and 
2-7. The discrepancy in the measured nucleation time comes from limited heating time 
control accuracy (> ~10 s) of the conventional furnace system used in ref,P

51
P clearly 

proving highlighting an excellent heating time control and monitoring capabilities of 
lasers irradiations. On the other hand, at the laser power of 49.0 mW, nanowire became 
noticeably thick at the growth center after 10 s illumination (Figure 2-6), indicating 
rapid lateral growth at elevated temperature.P

59
P A similar situation occurred after 30 s at 

44.1 mW laser power and after 60 s at 41.0 mW due to still high rate of lateral growth 
(not shown). Upon clear thickening, lengthwise growth rate significantly reduced, as 
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length and growth rate are plotted only for the timing before thickening in Figure 2-7(a). 
At further increased laser power (~54.2 mW) thin film is formed through isotropic 
growth on the catalysts and direct Si CVD process on bare Si surface, indicating the 
upper limit of Si nanowire growth. In general, nanowires grown at reduced laser power 
tends to be kinked, sticking onto and crawling on the substrate, as in a trend reported in 
furnace growth at temperature lower than ~400 C .P

51,60
P On the other hand, laser 

illumination for ~30 s or longer tends to generate complex nanowire growth behavior at 
relatively high laser power; thickened at laser power level of ~41 mW or higher, and 
joining neighboring nanowires at ~38 mW or higher (example shown in Figure 6, 41.0 
mW and 30 s case). The joining of nanowires that occurred at elevated temperatures is 
attributed to random growth directionality promoted by the random crystalline direction 
in the tested amorphous silicon (a-Si) film, and the high number density of catalysts. As 
a result, optimal growth regime under current experimental configuration was formed at 
relatively short growth time range (< 30 s) and relatively high temperature (laser power). 
Assuming ideal directionality via use of single crystalline substrates, fundamental limit 
in maximum length is possibly governed by the heat loss through the side wall of grown 
nanowire as previously mentioned. At some point,, and the reduced catalyst temperature 
upon due to fixed laser power and in conjunction with Au catalyst consumption will 
lead to self-termination of nanowire growth in conjunction with Au catalyst 
consumption. For the purpose of kinetic analysis, Figure 2-7(b) displays a logarithmic 
plot of measured nanowire growth rate ( growthR ) with respect to the laser illumination 

power (P). The growth rate was measured from the linear part of the curves (early stage 

of growth) in Figure 2-7(a). The nice linear fitting between  growthln R  and 1/P proves 

that 1) nanowire growth by substrate side laser illumination follows traditional 
Arrhenius behavior and 2) assumption of linear dependence between laser power (P) 
and local temperature in growth spot (T) was kinetically valid from the kinetics point of 
view. From the plot of growth rate with respect to the inverse of estimated temperature 
in Figure 2-7(c), the activation energy is calculated as ~66.8 kJ/mol, which is relatively 
smaller than a literature reported value by furnace process in similar condition (230 
kJ/mol) for the catalyst particle size range of ~3-40 nm.P

51
P Even though absolute 

comparison of relation between growth rate and temperature might not be easy due to 
actual difference in detailed configuration (e.g. catalyst configuration), it can be 
mentioned that one of the critical differences is in growth time resolution; ~15 s by 
furnace in their work. Keeping in mind reminding the growth rate variation in Figure 2-
7(a) as well as the rapid decay in growth rate (within time scale < ~10 s) especially at 
relatively high growth temperatures (> ~450 C ), the growth rate estimated by 
averaging over time period longer than ~10s is almost always lower than the peak 
growth rate averaged over shorter time. At medium growth temperature range (400-
430 C ), the growth rate is relatively constant for longer time, alleviating the difference. 
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At the lower temperature (< ~400 C ), a finite nucleation time causes underestimation 
of the growth rate when the nucleation time is not negligible compared to the actual 
growth time. The current heating mechanism will effectively represent a similar 
substrate heater based growth configuration, albeit at superior time resolution. On the 
other hand, furnace heating might incur different actual temperature decay along the 
nanowire length due to the hot ambient gas. Nevertheless, limited time control 
resolution in most traditional growth methods either allows only average growth rate at 
reduced value or practically doesn’t permit achievement of the maximum possible 
growth rate demonstrated by laser. In other words, use of laser enabled not only 
accurate monitoring of transient growth behavior, but also realized faster growth rate at 
shorter growth time (e.g. maximum growth rate of ~ 360 nm/s was achieved by ~3 s 
laser illumination at ~569 C , while the reported maximum growth rate in furnaceP

51
P was 

~180 nm/s at relatively lower temperature of 495 C  due to limited time resolution). 
Relatively lower activation energy in laser-assisted growth is partly explained by the 
difference in time resolution, but it should be also noted that localized CVD or growth 
by confined laser spot is advantageous in gas transport due to three-dimensional 
transport nature towards and from smaller reaction spot (CVD gas delivery, and 
exchange of reaction by-product such as Hydrogen) versus one-dimensional transport in 
wider reaction area cases.P

50
P More rigorous study is going on being conducted to unveil 

the limiting mechanisms (transport or reaction) in the laser growth by testing under 
different total and SiHR4R partial pressure conditions. However, it is postulated that the 
current growth process is governed by reaction limit, considering in view of the 
excessive impingement rate of SiHR4R molecules in current gas conditions (~1.510P

6
P per 

atomic site per second),P

50
P and also considering Si nanowire growth under VLS 

mechanism cannot be operated at very high temperature in contrast to the regular Si 
CVD. The importance of the measured peak growth rate at short time scale lies in that 
(1) it indicates an actual limit in typical VLS growth mechanism and its demonstration 
was possible via rapid heating control by laser, and (2) one can practically tune the 
process parameters to achieve maximum growth rate via laser-assisted method, 
supporting the promise of using this approach as a rapid and programmable processing 
tool. 

Lastly, the laser illumination direction effect on the nanowire growth is briefly 
discussed. The nanowire growth threshold laser power by film side illumination was 
lower than that by substrate side illumination. As verified by both theoretical prediction 
(Figure 2-2(a)) and experimental temperature determination steps, the growth threshold 
in terms of temperature was also lower by film side illumination. This trend has been 
reported in the regular Si laser CVD studies as well for employing relatively large laser 
spots,P

53
P and where it was claimed that visible photon interactions with reactive species 

promote the reaction, initiating CVD process at reduced laser power or temperature 
when film side illumination is applied. In addition, film side illumination induces a 
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higher degree of excitation in Au catalysts, potentially assisted by plasmonic resonance. 
Such enhanced radiative energy coupling with the nanocatalyst may result in local 
temperature increase (explained in the previous section) and possibly excited electron 
mediated contribution to the reaction. However, dominant contribution of plasmonic 
resonance effect on the growth was limited only within very early stage of growth, 
rapidly followed by the secondary Si CVD on the surface of pre-grown nanowires 
thickening the nanowires. Further verification is underway by selection of different laser 
wavelengths. However, it should be noted that in the case of film side illumination 
constant laser power input does not necessarily correspond to constant catalyst 
temperature, which might not be a stable condition for the controlled epitaxial growth. 
Furthermore, highly dynamical change in laser absorption by the growing nanowire 
system depending on a number of factors such as local temperature, phase (e.g. molten, 
alloy), and shape of the Au catalysts as well as heat loss via the nanowire stem could 
cause unstable growth conditions. 

On the contrary, in the case of substrate side laser illumination, the heating 
configuration is greatly simplified, essentially approaching substrate heater regime, 
when film thickness is sufficiently larger than optical penetration depth of the laser into 
the film material (optically thick film). Heating of Au catalysts also relies on the indirect 
heating from the film, hence guaranteeing a stable growth condition. Practical issues in 
adopting an optically thick regime: (i) the difficulty in laser alignment (invisible laser 
spot from film side), (ii) increase in required laser power, and (iii) lateral broadening of 
growth spot due to increased thermal diffusion. As for the former issue, in-situ 
monitoring of laser-driven growth spot itself and/or collinear coupling of longer 
wavelength probe beam should be effective solutions with respect to the alignment 
issues. As for the latter issue, a choice of shorter wavelength and/or use of more 
absorbing film material can mitigate the issues related to the laser power requirement as 
well as the spatial selectivity. In case of optically thin film (i.e. film thickness << optical 
penetration depth) as another extreme, laser induced catalyst heating configuration 
essentially approaches the film side illumination case. In contrast, in this case heat 
deposition on the substrate is significantly reduced and growth must mostly rely on 
direct catalyst heating. 

 
 

2.5 Summary 
 

In summary, laser-assisted silicon nanowire growth mechanism was 
experimentally explored using assembled Au nanoparticles on Si thin film and 
continuous illumination of green wavelength laser radiation either incident on the film 
surface or propagating through the transparent substrate. Film side illumination that is 
favorable for localized heating of catalytic nanoparticles through plasmonic resonance 
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allowed one-dimensional nanowire growth at very early stage. On the other hand, 
subsequent growth process was dominated by secondary Si deposition on the pre-
grown nanowire. In contrast, substrate side laser illumination enabled indirect but 
stable heating of the catalytic nanoparticles through the locally hot substrate. Kinetic 
analysis confirmed that the growth follows the traditional growth trend. Laser-assisted 
thermally activated growth of silicon nanowires by introducing indirect heating of 
gold catalysts (substrate-side heating) will be studied in detail in Chapter 3. In 
addition, short growth time control by laser enabled the demonstration of nearly 
highest growth rate at given gas condition. Taking advantage of rapid and spatially 
confined heating capability of lasers, laser-assisted nanowire growth method is not 
only a convenient and systematic tool to explore new nanostructure growth 
mechanisms, but also a highly controllable mean to directly grow multiscale 
nanowires at an arbitrary position accuracy via accessing a wide space of processing 
parameters. 
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FIGURES 
 
 

 

Figure 2-1. Schematic diagram of laser-assisted Si nanowire growth setup. 
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Figure 2-2. Results of thermal analysis describing laser-induced heating of 2 m thick 
silicon film on fused silica wafer. Substrate side illumination and film side 
illumination cases are compared in each plot. (a) Calculated temperature at the 
reaction center (center of laser beam on film top) as function of illumination laser 
power, (b) temperature profile along depth direction at laser beam center, z, and (c) 
temperature profile along radial direction on film top, r. In (b) and (c), laser powers of 
~ 36.9 mW and ~ 38.6 mW were used for substrate side and film side illumination 
cases, respectively to reach ~ 500 C  at the reaction center. 
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Figure 2-3. Scanning electron microscope (SEM) images of laser grown nanowires 
for comparison of the Si nanowires growth depending on laser illumination direction  
(a) film side illumination, (b) substrate side illumination. Laser power measured after 
focusing lens in the laser beam path. Zoomed-in image for ~44 mW laser power and 
10 s illumination time case, (c) for film side and (d) substrate side illumination case. 
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Figure 2-4. Scanning electron microscope (SEM) images of laser grown nanowires 
(substrate side illumination, laser power of ~59.3 mW and 5 s illumination time). 
Overall growth regimes are seen within a single growth spot due to temperature 
profile induced by gaussian laser beam profile. Marked regions from (1) to (4), 
corresponding to the maximum to the minimum local temperatures. Overall growth 
regimes are shown in (a), and further zoom-in images for the reasonable growth 
regimes in (b). 
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Figure 2-5. Scanning electron microscope (SEM) images of laser grown Si nanowires 
upon film side laser illumination by various laser power levels and illumination time. 
The scale bars in the figures are 1 μm. 
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Figure 2-6. Scanning electron microscope (SEM) images of laser-grown Si nanowires 
upon substrate side laser illumination by various laser power levels and illumination 
times. The scale bars in the figures are 1 μm. 
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Figure 2-7. Kinetics of laser-assisted nanowire growth for the substrate side laser 
illumination case. (a) Plot of length of nanowires with respect to growth time and 
illumination laser power level. Illumination laser power and experimentally estimated 
temperature are marked in the figures. (b) Plot of Growth rate ( growthR ) with respect to 

inverse of laser power (1/P). Growth rate was measured from linear curve section 
(early growth stage) of (a). 
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CHAPTER 3 
 

DETAILED INVESTIGATIONS ON THE 
MECHANISM OF LASER-ASSISTED FAST 

GROWTH OF SILICON NANOWIRES 
 

In Chapter 2, laser assisted direct growth of silicon nanowires (SiNWs) has been 
explored with respect to direct and indirect heating of the catalyst. It was shown that 
laser-assisted growth of SiNWs is thermally activated following Arrhenius like behavior 
as the catalysts are indirectly heated. This entails a useful and systematic tool to 
investigate the growth mechanism and a highly controllable means to directly grow 
nanowires with accurate control of multiple parameters, hence offering considerable 
advantages compared to conventional furnace process. In Chapter 3, motivated by the 
fast localized heating capability of laser enabling high temporal resolution, a detailed 
investigation is carried out on the mechanism of laser-assisted growth of SiNWs such as 
catalyst diameter- and temperature dependence of nucleation time and catalyst diameter 
dependence of activation energy of the diffusion of silicon through solid Au. 
 
 
3.1 Overview 
 

Silicon nanowires (SiNWs) have been very extensively studied due to their 
high comparability with CMOS-based technology and the possible integration into 
future devices. To date, the Vapor-Liquid-Solid (VLS) growth mechanism has been 
considered as a very promising fabrication method for nanoscale-synthesized 
materials such as nanotubes and nanowires since 1960s’ introduced by Wagner and 
EllisP

33
P since high aspect ratio can be achieved without conventional lithography 

processes. During the VLS growth, vapor Si is preferentially incorporated at the 
surface of a metal catalyst, diffused through it, and then precipitated at the interface of 
a catalyst droplet and silicon after the supersaturation of Si in a metal droplet. 
Continuous incorporation of Si into the droplet results in the growth of a SiNW.  

To realize SiNWs-based devices, many studies have been carried out to 
understand and control the growth of SiNWs using ex-situ and in-situ techniques. 
Schmid et al. found the growth direction depends on the size of a catalyst competing 
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between solid-liquid interfacial energy and vapor-liquid surface energy with 
theoretical model and experimental results.P

59
P Cui et al. showed that the diameter of 

the grown SiNWs strongly depends on the catalyst size.P

61
P Kikkawa et al. found that 

the growth rate also depends on the catalyst size.P

51
P While issues related to the 

dependence of growth rate on the size of a catalyst have sparked considerable debate, 
the nucleation time has been also importantly observed by Kalache et al..P

62
P However, 

since SiNWs have been mostly grown under furnace or substrate heater, it is not 
sufficient to observe the very early stage of the growth with high temporal resolution. 
In-situ transmission electron microscopy (TEM) has been also applied to observe VLS 
driven nanowire growth, but the level of gas pressure is much different than real  
growth conditions implemented in a furnace environment. 
  The purpose of this work is to present a detailed investigation on the growth 
mechanism with high temporal resolution. Especially, the nucleation time and growth 
rate dependence on the size of a catalyst are studied. To achieve this, a focused laser 
beam is introduced by a heating source. We have recently introduced a laser assisted 
technique as not only a convenient and systematic tool to explore new types of 
nanostructure growth mechanism, but also a highly controllable mean to directly grow 
nanowires at arbitrary position accuracy and superb dimensional control. As shown in 
the study, the fast local heating capability of focused laser on O (10-100 μs) provides 
high enough temporal resolution allowing exploration of the growth mechanism from 
the very early stage of the growth, compared to reported studies. Another purpose is to 
investigate the mechanism of the fast growth of SiNWs. Surprisingly, not any study 
has been performed to our knowledge that describes fast growth of SiNWs.  
 
 
3.2 Experimental Setup 
 

Figure 3-1 shows a schematic diagram for laser induced local SiNWs growth 
system. Poly-L-Lysine was coated on 4.5 μm thick amorphous silicon film sputtered 
on the fused silica substrate and then one of size-calibrated colloidal AuNPs (50 and 
100 nm in diameter) spread and then was incubated for 7-8 minutes. Since negatively 
charged AuNPs are attached to positively charged Poly-L-Lysine film, electrostatic 
interaction between them immobilizes AuNPs. After the assembly, the sample was 
cleaned by oxygen plasma etching (power = 50 W, O2 flow rate = 50 sccm, etching 
time = 1 min) to remove all organic materials including Poly-L-Lysine. Continuous 
wave (CW) Ar-ion laser at a wavelength of 514.5 nm was focused through the 
substrate at the interface of amorphous silicon film and fused silica substrate on a spot 
of diameter 5 μm at the 1/e2-point. To simulate furnace based SiNWs growth 
environment conditions with the exception of maintaining localized growth by laser, 
the film was sufficiently thicker than the optical penetration depth (170 nm measured 
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by ellipsometer) at the wavelength of the laser, which minimizes direct Au catalyst 
heating and guarantees sufficient absorption of energy from laser by the film. For 
controlled gas environment, the sample was enclosed within a vacuum chamber that 
had two optical windows allowing laser access from the substrate side of the sample 
and in-situ monitoring of laser assisted growth by reflection optical microscope from 
the film side. 0.9% SiHR4R diluted in He was introduced into the reaction vacuum 
chamber at 200 sccm maintaining 6.5 Torr as a partial pressure of SiHR4R (

4SiHP ) set at 

relatively high partial pressure due to limited SiHR4R gas concentration. To investigate 
the very early stage of the SiNW growth, laser illumination time was varied in the 
range of 10 ms – 30 s by a mechanical shutter. Laser power was controlled by an 
attenuator consisting of a half-wave plate and a polarizing beam splitter and monitored 
in real time via the beam reflected out of a polarizing beam splitter. The samples were 
analyzed by scanning electron microscope (SEM). 

 
 

3.3 Experimental Results & Discussion 
 

Figure 3-2 shows representative images of SiNWs directly grown on an 
amorphous silicon film of a single platform by a focused laser. For this growth, 100 nm 
AuNP was assembled on the film and laser illumination time was varied from 1 to 30 s 
for different growth time. Laser power corresponding to the growth temperature with 
assumption of linear dependence was varied from 20 to 45 mW. Figure 3-3 shows the 
length of SiNWs as a function of laser illumination time measured from Figure 3-2. The 
growth rate ranging from 200 nm/s  (20 mW) to 607 nm/s (40 mW) and is two to three 
orders of magnitude greater than reported using the conventional furnace process.P

59,60
P 

Especially, compared to the experimental data (~10 nm/s at maximum) of Kikkawa et 
al.P

51
P investigated at similar gas conditions (1% diluted SiHR4R gas held at 98 kPa), laser-

assisted local growth technique achieved one order of magnitude faster growth rate 
although the flow rate was about 7.5 times lower than 1500 sccm of Kikkawa et al. A 
possible reason is that the great growth rate comes from different diffusion path of a gas 
between point-like, locally confined CVD and conventional large-area CVD. Bäuerle 
has already discussed the laser chemical vapor deposition (LCVD) technique of several 
materials.P

63
P He reported in the study that the rates are several orders of magnitude faster 

than conventional CVD large-area flow and argued that since the reaction occurs at the 
localized hot spot created by the laser on the substrate, three-dimensional diffusion path 
of gas is effectively open for local reaction zone rather than one dimensional path such 
as for conventional furnace CVD technique, resulting in abundant supply of gas into the 
reaction zone. 
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3.3.1 Fast nucleation of laser-assisted growth of silicon nanowires 
 

In Figure 3-3, the growth is respectively initiated at 1 and 3 s for laser power 
of 25-40 mW and 20 mW. It is found from this result that the apparent growth occurs 
with a certain temporal delay that depends on the applied laser power level. It is noted, 
however, that in the present study minimum time step was 1 s. In the VLS mechanism, 
with increasing temperature, a Au catalyst becomes liquid alloy with silicon in vapor 
phase which is favorably adsorbed at the surface of a Au catalyst. Due to the 
concentration gradient at the surface, silicon diffused through the liquid alloy droplet. 
After reaching a critical concentration of Si at the liquid-solid interface, Si starts to be 
precipitate, followed by actual growth of SiNWs via continuous Si precipitation. 
Therefore, some delayed time at the early stage is expected for the apparent growth of 
SiNWs. Many efforts to investigate the delayed time at early stage of the growth have 
been made by other groups using in-situP

64,65
P and ex-situP

62,66 
P observations. It was 

observed in their experimental results and theoretical analysis that the growth of a 
SiNW doesn’t occur instantaneously. Instead, a specific time was required for the 
actual growth to occur which is called the nucleation time. Although their efforts 
observed the temperature dependence of the nucleation time, it does not seems to be 
easy to exactly investigate the nucleation time for laser-assisted fast growth of SiNWs 
because of the quite different partial pressure level for the growth or insufficient 
temporal resolution.  

In the present study, on the other hand, the growth time was controlled by O (1 
ms) at minimum time step for a detailed investigation from very early stage for the 
laser-assisted fast growth because the minimum temporal resolution corresponds to 
fast localized heating on O (10-100 μs). The nucleation time was obtained again in the 
experiment wherein the growth time and laser power corresponding to the growth 
temperature were varied from 0 to 3 s and 25 to 45 mW, respectively. In Figure 3-4, 
scanning electron microscope (SEM) images show very early stage of SiNW synthesis. 
Figure 3-4(a), (b), (c), and (d) correspond to laser-assisted local CVD runs with fixed 
power of 45 mW at 8, 10, 20, and 100 ms, respectively. In this experiment, it is 
readily confirmed by laser-assisted that nucleation occurs at the droplet edge as 
investigated by Kim et al.P

65
P and Hofmann et al.P

67
P using in-situ TEM, which implies 

that supersaturation is needed for nucleation. The growth of SiNWs occurs between 8 
ms and 10 ms so that the nucleation time was chosen to be 9 ms. Once the growth of 
SiNWs starts, they are steadily grown as shown in Figure 3-4(d). A similar calculation 
of the nucleation time was applied for other temperatures (laser powers).  It is 
presented in Figure 3-5 that the nucleation time ranges between 8 to 175 ms for laser-
assisted local growth of SiNWs from 50 nm AuNPs, which is in good agreement with 
experimental and theoretical study of Kalache et al..P

62
P However, it is apparently found 

that the nucleation time is in the three orders of magnitude lower range than that of a 
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previous report discussing the 15 s to 180 s.P

62,51
P A possible explanation for the 

difference is primarily different diffusion mechanism of a reactant gas. It is recalled 
that the growth rate is two to three orders of magnitude faster for laser-assisted growth 
than for conventional furnace growth, which follows the same trend as the nucleation 
time. For laser-assisted growth, therefore, it is believed that 3-D diffusion of SiHR4R gas 
into the local reaction zone can significantly shorten the nucleation time. Another 
possible reason is different morphology of the Au catalyst before the growth. Since 
colloidal AuNPs are used for this study, there is no time needed to form the catalyst 
from an evaporated Au thin layer as a catalyst. This may in fact enable more exact 
estimation of the nucleation time starting from the incorporation of Si vapor at liquid-
vapor surface. 

 
 

3.3.2 Catalyst size- and temperature-dependence of nucleation time 
 

Figure 3-6(a) shows the nucleation time with respect to different catalyst sizes 
with varied laser power from 25 mW to 45 mW. It is shown in Figure 3-6 that the 
nucleation time decreases in exponential fashion with temperature at the same catalyst 
size, which is in good agreement with Kalache et al.’s experimental and theoretical 
study.P

62
P Such dependence of nucleation time can be explained by Fick’s second law of 

diffusion by simplification of the geometry in one dimension with a moving boundary 
of the liquid-solid interface. 

One dimensional transient diffusion equations: 
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where LD and SD are the diffusion coefficients of silicon through liquid and solid 

gold, Lc and Sc the silicon content of the liquid and solid phase, and 0 ( )x t the moving 

liquid-solid boundary, respectively. By assuming d is the height of the nanoparticle 
and continuity of the silicon flow at the interface of liquid-solid, the nucleation time 
is : 
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In Figure 3-6(a), size effect of nucleation is also displayed. Larger catalysts show  
longer nucleation time as expected from scaling arguments.P

64,67
P According to Gibbs-

Thomson effect, in addition, supersaturation decreases as a function of the catalyst 
size.  

0 4 / d       

where   is the effective difference between the chemical potentials of Si in the 
vapor phase and in the catalyst,    is the specific free energy of the catalyst surface, 
  is the atomic volume of Si, and d is catalyst diameter. However, it is significantly 
found in this experiment that the ratio of the nucleation times corresponding to two 
different catalyst sizes (100 nm and 50 nm) increases with decreasing temperature. 
Herein, it should be noted that eutectic melting temperature of Si-Au is size-dependent 
as melting temperature of gold nanoparticles (single system) is.P

68
P Wautelet et al. has 

theoretically studied that eutectic melting temperature is size-dependent and 
suppressed for smaller particles.P

69,70
P More recently, several groups have 

experimentally reported changes in fundamental phase diagram of nanoscale small 
particles used for vapor-liquid-solid growth due to intrinsic size effects.P

71,72
P Therefore, 

it is believed that a larger catalyst requires higher temperature to efficiently reach 
supersaturation for nucleation. Accordingly, due to the size effect supersaturation 
occurs at lower temperature, near the eutectic temperature rather than at the higher 
temperature predicted by the equilibrium phase diagram. 

 
 

3.3.3 Catalyst size dependence of activation energy  
 

In Figure 3-6(a), the nucleation times are plotted as a function of the inverse of 
power in a semi-logarithmic scale. Considering the assumption of linear dependence 
of temperature on power and eq. (4), the slope represents the activation energy of the 
diffusion of silicon through solid Au. From two slopes, activation energy is size 
dependent and increases with the catalyst size. It should be noted that lower activation 
energy shorten the nucleation time. Moreover, since it is also earlier shown that 
nucleation time decreases with shrinking the catalyst size, it is also believed that 
activation energy decreases with catalyst size. From the plot of nucleation time with 
respect to the inverse of estimated temperature in Figure 3-6(b), it is found that the 
activation energy ranges between 0.78-1.06 eV (75-102 kJ/mol) for 50 ~ 100 nm in 
diameter. Since this range is higher than Kalache et al.’s value (0.68 eV)P

62
P using 

smaller particles (< 50 nm in diameter) and is relatively lower than that of the 



 

29 

diffusion of Au through Si(1.13 eV),P

73
P it is believed that the activation energy 

observed in this study is valid for VLS growth mechanism. 
 
 

3.3.4 Branched growth of SiNWs 
 

 Figure 3-7 shows SEM images of SiNWs grown from 100 nm AuNPs for 20 s 
and 30 s with fixed laser power of 25 mW. Compared to growth from 50 nm AuNPs, 
it is observed that branched small diameter SiNWs are grown at the base of the large 
SiNWs from 100 nm AuNPs. The branched growth of small SiNWs can be explained 
by recalling the concept of critical diameter which has been reported by Givargizov.P

74
P 

More recently, Dhalluin et al. has reported of the 
4SiHP  dependent critical radius for 

growth of SiNWs.P

75
P It was found in the study that the density of small diameter 

SiNWs grown from the sidewall of a SiNW trunk increases with increasing
4SiHP . As 

discussed previously in section 3.3.2, the supersaturation inversely depends on the 
catalyst size. By assuming that increase of 

4SiHP leads to an increase of the 

supersaturation in silicon of the Au-Si droplet, therefore, it is believed that under high 

4SiHP favorable for growth of small diameter SiNWs, a large catalyst produces 

branched small SiNWs as shown in Figure 3-7. Incidentally, the branches in this study 
are at the base of large SiNWs, unlike branches of SiNWs that as Dhalluin et al. 
showed grew from small Au droplets that diffused along with the sidewall of SiNW 
trunks. Considering this, we focused more on the early stage of growth from 140 nm 
AuNPs. It is shown that at growth time of 1 s (Figure 3-8(a)) thin hairs decorates the 
surface of the droplet edge that is a site of heterogeneous nucleation. At 2 s (Figure 3-
8(b)), a small branched SiNW appears at the base of trunk as well as tiny Au droplets 
on its sidewall. Laser-induced sudden heating can cause instability of the liquid 
droplet due to the steep surface tension gradients imposed by the confined temperature 
distribution. Wagner et al. has observed branching caused by sudden increase in 
temperature which was intentionally made in the experiment.P

76
P The volume of the 

droplet increases with sudden increase of temperature, which possibly causes an 
unstable contact angle configuration in VLS.  Stable contact angle configuration is 
mediated by force balance at the solid substrate/droplet/vapor interface. It is believed 
that tiny Au droplets can be formed at the liquid droplet forms, consequently 
presenting nucleation sites for the branched small SiNWs under favorable 

4SiHP condition favored for growth of small SiNWs. According to the experimental 

results and previous reports, it is pointed out that 
4SiHP should be lower to decrease or 

prevent branches of small SiNWs, 
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3.4 Summary 
 

In this chapter, very early stage of growth of SiNWs could be precisely dialed 
with temporal resolution of 1 ms by taking faster localized heating capability of laser, 
compared to conventional furnace process. It is even believed from the experimental 
results that laser-assisted technique with high temporal resolution can serve to 
facilitate in-situ observation technique since it can be carried out under the same 
partial pressure level of reactant gases as conventional furnace process is. For laser-
assisted growth, most of all, it was found that nucleation time is shortened by 2 to 3 
orders of magnitude compared to conventional furnace growth. Since laser-assisted 
growth rate is similarly by orders of magnitude greater than that of conventional 
furnace growth, it is believed that three-dimensional diffusion effect of precursor gas 
dominates in the nucleation stage as well as the subsequent growth stage of SiNWs. In 
this respect, this is the first report investigating the mechanism of fast growth of 
SiNWs. Further investigations on the early stage mechanism of fast growth showed 
that that the nucleation time depends on the catalyst diameter and growth temperature. 
It was also found that activation energy for the diffusion of silicon through solid Au is 
also catalyst diameter-dependent and increases with increasing catalyst diameter. With 
larger catalysts, it was found that small SiNWs branched at the base of a parent large 
SiNW due to sudden heating by a laser and 

4SiHP condition favoring growth of small 

SiNWs. From this study, it was confirmed that laser-assisted technique is a systematic 
tool to explore nano-synthesized materials. 

 



 

31 

FIGURES 
 
 

 

Figure 3-1. A schematic diagram for laser induced local SiNWs growth system. 
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Figure 3-2. Scanning electron microscope image of SiNWs grown from 50 nm AuNPs 
on a 4.5 μm amorphous silicon film by focused laser of which illumination time was 
varied from 1-30 s and power from 20 mW to 45 mW. The scale bar in the figure is 20 
μm. 
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Figure 3-3. The length of SiNWs as a function of growth time at laser power varied 
from 20 mW to 40 mW which are measured from Figure 3-2. 
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(a)                                                                 (b) 

  
(c)                                                                 (d) 

Figure 3-4. Scanning electron microscopes images representing the stages just prior to 
nucleation, 8 ms (a), just after nucleation, 10 ms (b), 20 ms (c), and 100 ms (d) for 50 
nm colloidal Au nanoparticles. Laser power was fixed at 45 mW and 

4SiHP was 

maintained at 6.5 Torr with flow rate of 200 sccm. 
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Figure 3-5. Nucleation time measured for laser power from 25 mW to 45 mW. 
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Figure 3-6. The nucleation time with respect to different catalyst sizes (50 nm (blue) 
and 100 nm (red)) at varied laser power from 25 mW to 45 mW representing the 
temperature. The nucleation time is a function of the inverse of temperature in a semi-
logarithmic scale. 
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Figure 3-7. Scanning electron microscope (SEM) images of laser-assisted growth of 
SiNWs with various time at fixed laser power of 25 mW. Au catalysts are 100 nm in 
diameter. (a) and (b) are for 20 s and 30 s, respectively. The scale bars in the figures are 
1 μm. 

(a) (b) 
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Figure 3-8. Scanning electron microscope (SEM) images representing early stage of 
growth of SiNWs from 140 nm diameter AuNPs for 1 s (a) and 2 s (b) respectively. 
Laser power was fixed at 25 mW. The scale bars in the figures are 200 nm. 
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CHAPTER 4 
 

LASER INDUCED NANOSCALE-SELECTIVE 
DIRECT GROWTH ON DEMAND BY OPTICAL 

NEAR FIELD TECHNIQUE 
 

This chapter presents that the direct growth of a single silicon nanowire (SiNW) 
is grown by employing optical near-field technique. Continuous wave (CW) 514.5 nm 
laser radiation is confined via an optical near-field probe is confined beyond the 
diffraction limit and provides direct nanoscale illumination heat source for local growth. 
Aided by indirect heating of a gold nanoparticle (AuNP) catalysts, the energy of direct 
laser illumination over AuNPs is minimized, resulting in lowering the local temperature 
increase. Therefore, heat source with sharp hillcock-like profile rather than the broad 
Gaussian can be concentrated beyond the diffraction limit, which would favorably 
enable controlled direct growth of a single SiNW among randomly distributed AuNPs 
with spacing in nanoscale distance. It is also shown the growth trend is influenced by 
the beam size of direct laser illumination as well as the local temperature increase of the 
AuNP absorbed by Mie theory. As a result, this study demonstrates that a laser 
illumination source confined beyond the diffraction limit in near field could be a 
versatile tool for the direct growth of semiconductor NWs at pre-specified area with 
nanoscale selectivity. 

 
 

4.1 Overview 
 

Semiconductor nanowires (NWs) have attracted great interest as promising 
materials for the future generation devices such as nano field effect 
transistors,P

9,77,78,79,80
P optoelectonics,P

45,44
P resonantors,P

31
P biosensors,P

8,27,81,82
P energy 

conversion and energy storageP

21,17,83,84 
Pdue to their good optical and electrical 

properties. Since synthesis of semiconducting NWs has been generally carried out in 
an environment of high temperature over the entire substrate, intricate post assembly 
steps of NWs to the pre-existing structure have been required to prevent damage, 
although the yield is low. In order to resolve this limitation and even though 
considerable efforts have been devoted on the compositional and orientation control in 
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NW growth, the post assembly step by optical and optoelectronic tweezing are not yet 
sufficient to allow high spatial and angular resolution.P

34,35
P 

As an efficient path towards this goal, several research groups have 
demonstrated localized direct growth of SiNWsP

36,37
P and CNTsP

38,39,40,41,42
P by laser 

illumination. Since the spatial Gaussian profile of the laser beam can be employed to 
constrain the lateral size of the reaction zone to dimensions smaller than the actual 
beam size due to the reaction temperature threshold, it is not surprising that the laser 
has been considered as a special tool for micro- and nano-fabrication over several 
decades.P

48
P In the growth process of SiNWs, Au nanoparticles have been normally 

used as catalysts. Herein, under laser illumination, the Au nanoparticle acts as light 
absorbing material naturally enabling highly localized heat generation within its 
volume.P

55,85
P Furthermore, surface plasmon resonance (SPR) may enhance the 

absorption efficiency.P

86
P This fact has been extensively employed in studying direct 

nanopatterningP

87,88
P and biological sensing applications.P

89,90
P Lately, Cao et al. 

employed the localized growth of SiNWs with assistance of SPR due to the direct 
illumination of far field focused laser over gold nano-catalysts.P

37
P However, it doesn’t 

seem that plasmon assisted synthesis is sufficiently robust for the controlled growth of 
semiconductor NWs, yet. As also discussed in chapter 2, while direct heating of 
catalysts which is favorable for localized heating of the catalysts via plasmonic 
resonance allowed one-dimensional growth at very early stage, the structure deviated 
from the desired nanowire due to secondary Si deposition on the pre-grown nanowire. 
On the contrary, indirect heating enabling stable heating of the catalysts through the 
locally heated substrate showed the laser induced growth kinetically follows the 
conventional growth trend. However, substrate-side laser illumination to approach 
indirect heating of catalysts still tends to restrict somewhat applications and the local 
growth area was limited by the diffusion distance across the film thickness. 

In this chapter, it is shown that continuous wave (CW) laser radiation in 
conjunction with optical near-field probe enables highly selective and stable growth of 
nanowires among randomly distributed catalysts, compared to far-field direct 
illumination focused by objective lens. The lateral temperature profile of the substrate 
and local temperature increase of AuNP were calculated by finite difference time 
domain (FDTD) and Mie theory, respectively. 

 
 

4.2 Experimental Setup 
 

Figure 4-1 shows a schematic diagram for optical near-field thermal triggered 
nanowire growth system in controlled nanoscale area. As a photo-thermal conversion 
layer, the 2 μm thick amorphous silicon film was sputtered on the fused silica 
substrate before 30 nm colloidal gold nanoparticles (Ted Pella Inc.) were assembled 
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on it. The film was sufficiently thicker than the optical penetration depth of the 
wavelength (514.5 nm) of the laser in order to minimize direct heating of gold 
nanoparticles (AuNPs) and simultaneously guarantee sufficient absorption of energy 
from laser by the film. For controlled gas environment, the sample was enclosed 
within a vacuum chamber which had two optical windows allowing laser beam access 
both from the bottom- and film- side of the sample. The vacuum chamber was also 
designed for an optical near-field probe to precisely approach to the sample and be 
coupled with the film-side illuminated laser. A laser beam in conjunction with the 
AFM tip plays a role of nano-scale illumination source by maintaining the distance 
between the top surface of the sample and the AFM tip apex in near-field range of 100 
nm. 0.9% SiHR4R diluted in He was introduced into the reaction vacuum chamber at 200 
sccm maintaining 6.5 Torr as a partial pressure. ArP

+
P continuous wave (CW) laser was 

used at a wavelength of 514.5 nm in the experiment. Laser illumination time was 
varied in the range of 1–30 s by a mechanical shutter. Laser power was controlled by 
an attenuator consisting of a half wave plate and a polarizing beam splitter and 
monitored in real time via the beam reflected off the polarizing beam splitter. 

 
 

4.3 Theoretical Basis 
 
4.3.1 Local temperature of a gold nanoparticle by surface Plasmon 
 

As our previous study explored laser-assisted silicon nanowire growth 
mechanism, scanning electron microscope (SEM) images in Figure 4-2(a) and 4-2(b) 
show the growth trends by indirect and direct laser heating of catalysts is intrinsically 
different. Although film-side laser illumination was favorable for localized heating of 
catalytic AuNPs by strong absorption due to SPR, it was very difficult to achieve 
reasonable one-dimensional (1-D) nanowire growth except the very early stage 
because laser absorption dynamically changes due to local temperature, phase, and 
shape of Au catalysts and pre-grown nanowires. The effect of direct laser absorption 
by the catalysts is not negligible in the film-side illumination since local temperature 
of Au catalysts governs the growth of SiNWs. Laser-induced temperature increase in 
the particle at steady state is calculated by balancing source (absorption) and loss to 
the surrounding medium. Main loss is through convection, safely neglecting radiative 
loss and conductive loss through the substrate due to high contact resistance.P

55
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where TRmR is the temperature of the surrounding medium, IR0R is the laser irradiation 
power density (W/cmP

2
P), h is convective heat transfer coefficient, and QRabsR (~0.5 for 30 
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nm AuNP at λ =514.5 nm) is absorption efficiency by Mie theory. An estimate of the 
value of convective heat transfer coefficient is approximated from h ~ kRmR/rRpR where kRmR 
is thermal conductivity of the surrounding medium, by assuming that the heat transfer 
between the particle and the surrounding medium is dominated by conduction. The 
thermal conductivity of helium as the surrounding medium is taken to be 0.15 W/mK. 
For a 30 nm AuNP we used in this study, h is taken to be O (10P

6
P) W/mP

2
PK and then 

local temperature increase by a AuNP is approximated at 10 K for helium 
environment which can be interpreted as the maximum amount of heating in addition 
to the base heating from the silicon film, demonstrating the effect of SPRP

36,37
P in the 

growth of nanomaterials. With this additional amount based on our calculation, the 
local temperature should be still in range for 1-D growth regime. However, laterally 
grown SiNWs in Figure 4-2(b) imply that real local temperature of Au catalysts may 
be higher than its calculated value. Herein, it should be noted once Au catalyst reaches 
the reaction temperature by the add-up amount, the catalyst becomes molten phase of 
Au/Si mixture. This possibly means that during actual growth process local 
temperature and/or molten phase of Au/Si mixture will dynamically modify the 
absorption characteristics resulting in increased local temperature of Au catalysts 
favoring lateral growth rather than axial growth. The presence of conical shaped 
SiNWs in Figure 4-2(b) apparently indicates that the temperature gradient within 
nanowires was formed from Au catalytic sites to the substrate and the lateral growth 
dominantly showed up near Au catalysts, not uniformly along with grown SiNWs.  
Therefore, reasonable growth of nanowires could be attained only at very early stage 
and thereafter rapidly followed by secondary lateral Si deposition. 

 
 

4.3.2 Direct laser absorption on grown silicon nanowires 
 

Additional absorption onto the initially grown portion of the SiNWs may also 
lead to secondary direct CVD on the nanowire surface. Misra et al. showed that the 
absorption of laser light in SiNWs is strongly dependent on the light polarization and 
diameter.P

56
P By employing finite difference time domain (FDTD) simulation, 

absorption efficiency for a SiNW with 30 nm in diameter is lower by 1 and 2 orders of 
magnitude, respectively, along and normal to the polarization (electric vector) than the 
efficiency of a AuNP of the same diameter. Via the above mentioned procedure for 
AuNPs, the calculated local temperature increase of grown SiNWs aligned normal to 
light polarization is approximately 0.1 K, which is negligible with respect to that of 
AuNPs. Although the diameter of the SiNWs can lead to different absorption 
efficiency, it is not meaningful to expect temperature increase sufficient for lateral 
growth since grown SiNWs still remain in solid phase. Therefore, it is possibly 
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postulated that the minimization or the prevention of direct illumination of laser in Au 
catalysts would promote controlled 1-D growth SiNWs in localized area of interest. 

 
 

4.4 Experimental Results & Discussion 
 

One of methods to decrease the direct laser absorption in Au catalysts is to 
increase the base temperature of the substrate as well as Au catalysts in advance, 
which should be below the eutectic temperature (363 C ) of Au-Si binary system to 
prevent the chemical reaction. This enables film-side laser illumination to play a role 
of trigger growth of SiNWs with minimal power inducing lower local temperature 
increase (ΔT) of AuNPs as discussed earlier. Therefore, it is expected to reduce the 
dynamic change of the local temperature caused by molten phase of Au-Si mixture 
and to grow SiNWs in better controlled way. Although blanket substrate heating and 
localized heating of interest can be considered as a supportive or assisting heating, the 
latter by substrate-side laser illumination was preferred for the experiment to achieve 
tighter heat confinement and faster heating of O (10-100 μs) as will be discussed later.  

SEM images in Figure 4-3 show SiNWs grown under film-side laser 
illumination (for direct heating of catalysts) with assistance of substrate-side laser 
illumination (for indirect heating of catalysts).  Substrate-side laser focused by 10X 
objective lens was continuously illuminated at 72 mW in advance to elevate the local 
temperature of interest as near as possible the reaction temperature, which confirmed 
no growth reaction by itself. By adjusting the laser power and varying illumination 
time of film-side illumination, the SiNWs became grown by 2-3 m without striking 
lateral growth or secondary CVD at 2 mW for 30 s and 3 mW for 20 s as shown in 
Figure 4-3(a) and 4-3(b), respectively. Laser power of film-side illumination is 
apparently lowered by one order of magnitude with assistance of a supportive heating 
compared to that of pure film-side laser illumination. Therefore, with the local 
temperature increase (ΔT) driven by direct laser absorption lowered by estimated 
value of 0.5 C , SiNWs are grown in 1-D under more precise control of the 
temperature by certain length and time as shown in Figure 4-3(a) and 4-3(b). At 3 mW 
and 30 s, however, lateral growth or secondary Si CVD appeared on pre-grown 
nanowires resembling inverse conical shape, again as shown in Figure 4-3(c). In 
Figure 4-3, since molten Au nanoparticles and growing nanowires during the growth 
are within laser light affected zone by direct illumination whose size is several 
microns. It appears that the dynamical variation of laser absorption depending on a 
number of factors such as phase and geometry of the Au catalysts and 
absorption/heating on the growing nanowire stem still causes unstable growth. In this 
result, it is shown once more how narrower the growth processing or temperature 
window becomes for controlled axial growth under direct laser illumination. 
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Therefore, in addition to supportive heating, it seems to be more desirable that direct 
laser coupling with the Au catalysts as well as with the pre-grown nanowires should 
be minimized during the growth process. 

As previously argued, the temperature profile is broadened by the laser focal 
spot roughly by factor of 2 (effective diffusion length of laserr  at steady state) and the 

broadened Gaussian-like temperature profile incurs growth spot size smaller than the 
laser focal spot size through precise control of threshold laser power for the growth 
reaction. The size of growth spot can be further reduced by use of tighter focus or 
optical near-field,P

58
P resulting in reducing laser light affected size. SEM images in 

Figure 4-4 depict SiNWs grown under near-field focused film-side laser illumination 
with various illumination time and laser power. Since the film-side illuminated light in 
conjunction with a typical silicon nitride AFM tip is spatially confined below the 
diffraction limit, it can serve as nano-scale illumination source by maintaining the 
distance between the top surface of the sample and the AFM tip apex at 100 nm. The 
substrate-side laser local heating necessarily assisted the experiment as in far-field 
focused film-side laser illumination for the same purpose. It is observed that SiNWs 
were selectively grown without striking lateral growth or secondary direct Si CVD 
under the near-field laser illumination, compared to that of far-field focused film-side 
laser illumination. At 3 mW of input laser power for 30 s, only a single Au catalyst 
was reacted among random distributed AuNPs on the substrate in Figure 4-4(a). This 
nanowire was mainly kinked during the growth possibly due to lower power or growth 
temperature. With increasing input laser power by 4 mW for 20 s, two Au catalysts 
within the film-side laser illumination area were activated yielding 1-D growth of 
SiNWs as shown in Figure 4-4(b). The result shows that nanoscale illumination light 
source has excellent controllability and selectivity enabling the growth of a single 
SiNW to multiple SiNWs by adjusting the laser power. Therefore, it is postulated that 
there are several possibilities for growing 1-D SiNW by near-field illumination source. 
One possibility may come from the markedly reduced laser illumination area. Once 
the Au catalyst is activated to produce a SiNW, it can instantly escape from the 
nanoscale light-affected area and be controllably grown in 1-D by heat conduction 
from the root to the catalyst without any influence of the laser light. However, this 
scheme is more appropriate for inclined or horizontally grown SiNWs rather than for 
the vertically grown ones. Another one is the indirect heating of AuNPs even under 
film-side illumination. This possibility has already been observed in pure film-side 
laser illumination shown in Figure 4-2 (b). Since the rim of the growth reaction area 
was determined by lateral heat diffusion through the a-Si film and fused silica 
substrate underneath AuNPs, several AuNPs in that area could be activated without 
direct absorption from the beginning stage. However, this indirect heating of AuNPs 
was very limited in the rim of the micron-sized beam, which eventually showed no 
more than mixed growth reaction as shown earlier. On the other hand, near-field 
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focused illumination utilized in this study could be located in the vicinity of the 
AuNPs at a spacing of hundreds of nanometers and drive localized growth of a single 
SiNW in nanoscale area. This is beyond the limitation of far-field direct illumination 
as shown earlier. SPR effect also possibly plays an important role of the selective 
growth as Cao et al. demonstrated in their work that this effect helped localized 
reaction and growth of nanomaterials among surrounding catalysts.P

37
P Several groups 

explained that localized SPR in the nanoparticle is influenced by the physical 
environment of the assembled system such as substrate effect, the distance between 
the nanoparticle and the substrate, the distance among nanoparticles and size, shape 
and metal composition of the nanoparticle,P

86,91,92
P resulting in different absorption 

efficiency. In this study, moreover, surface roughness of about 10 nm of a-Si film and 
size variation in AuNPs cannot help causing the different local temperature increase in 
AuNPs. Therefore, they can be more selectively activated as observed in Figure 4-4(b) 
showing the particles outside the laser light affected area remained inactive. 

For further investigation of thermal confinement effect by near field 
illumination coupled with assisting substrate-side laser local heating, a detailed 
temperature profile across the particular material structure consisting of 2 m a-Si 
film and 500 m fused silica was obtained. The numerical analysis of three-
dimensional heat diffusion equation considered the volumetric heat source term in the 
film and radiative/convective losses to the surrounding medium (losses almost 
negligible). The plasmonic-enhanced absorption effect by nanoparticles was excluded 
in the first analysis. Steady temperature profile is essentially determined when the 
laser-induced source terms is balanced with diffuse loss. The time to reach steady state 
temperature ( stt ) is roughly scaled as ~ 2

laserr / Si  at the surface of a-Si film in the 

center of the laser spot. Again, convective and radiative losses are minor and can be 
reasonably neglected ( laserr  is laser focal spot radius and it is also an effective heat 

penetration depth at steady state,P

50
P and Si  is thermal diffusivity of silicon thin film). 

The estimated stt then becomes ~ O (10 s) that was also confirmed by our numerical 

analysis. Computations were carried out to analyze the parameters required for 
reaching the same peak temperature (400 C ) at the top surface of a-Si film and at the 
center of the laser spot. Film-side laser illumination beam of different size was 
coupled with substrate-side laser local heating corresponding to 350 C and hence 
safely below the growth possible temperature of 363 C . Numerical analysis in Figure 
4-5 shows that the shape of lateral temperature profile changes from the Gaussian 
shape corresponding to single beam heating heating. It appears with tightly focused 
beam (λ/4 and λ/2 in diameter), which has a sharp hillcock-like profile superposed to 
Gaussian-like broader background heat diffusion profile. Due to this modified 
temperature profile, the reaction size above the threshold temperature of 370 C where 
growth can occur can be dramatically reduced by about 250 nm in diameter with λ/4 
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(~128 nm) size focused beam, compared to 3.8 m with 10 m size focused beam. 
While λ/4(~128 nm) size focused beam has growth reaction area composed of the 
direct heating by film-side laser illumination (< 128 nm) and indirect heating by 
lateral thermal diffusion in the range of 128 and 250 nm, 10 m size focused beam 
always confines the growth reaction just within direct laser illumination. Local 
temperature increase of AuNPs on a-Si substrate induced by different laser beam size 
can be calculated by Mie theory as discussed earlier assuming no phase change of the 
AuNPs. In far-field focused direct laser illumination (1.51 mW at 10 m in diameter), 
this merely contributes to the local temperature increase (0.24 C ) of solid phase 
AuNPs with assistance of substrate-side laser local heating. However, the calculated 
absorption efficiency is not valid once AuNPs are transformed into molten phase of 
Au/Si catalysts in VLS growth process. In this case, they can be dynamically 
influenced by light affected area (10 m) larger than growth reaction area (3.8 m). 
Therefore, 1-D pre-grown nanowires eventually experienced lateral growth 
dominantly originated from Au catalysts with increase of time and/or even a little 
laser power experimentally shown in Figure 4-3.  

On the other hand, tightly focused, beyond the diffraction limit, film-side 
laser illumination (0.027 mW at λ/4 in diameter) for a-Si substrate at 400 C  can 
induce local temperature increase (~60 C ) of AuNPs. This is because volumetric 
heat source reaches a point source inducing improved diffusion loss to the 
surrounding medium with decreasing laser spot size. This in fact raises the intensity 
impinging on the nanoparticles by one order of magnitude higher than film-side laser 
illumination. Even in that high local temperature increase of AuNPs, however, a 
single or two SiNWs have successfully grown in a controlled sense as shown in 
Figure 4-4. Presumably the Au nanoparticle does not act as a heat source to continue 
growing a nanowire any more since very early stage of the growth as upon melting it 
may escape from the nanoscale laser affected zone. High local temperature increase 
of the AuNP by direct illumination of nanoscale focused laser can reduce the growth 
reaction size with decreasing of input laser power. For instance, the AuNP 
temperature of 400 C  is satisfied with substrate temperature of 373 C  due to direct 
laser absorption of the AuNP, which allows the growth reaction size to be reduced by 
about 100 nm in diameter as shown in Figure 4-5. 

Blanket heating by a substrate heater can replace the substrate-side laser 
induced local heating as supportive indirect substrate preheating, minimizing local 
temperature increase of AuNPs. For numerical analysis, the substrate is considered 
preheated at 350 C . This value is the same temperature at the center of substrate-side 
laser local heating. Numerical analysis in Figure 4-6 shows the growth reaction size 
with respect to focused beam size for film-side illumination among them. The 
difference apparently stands out with larger focused beam size for film-side 
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illumination. With the film-side focused beam of 10 m in diameter, it is shown that 
laser local preheating can reduce by about half the growth reaction size induced by 
blanket substrate heating. However, this difference is decreased as the film-side 
focused beam size shrinks. 

 
 

4.5 Summary 
 

In this chapter, single AuNP was selectively activated to grow a SiNWa by 
laser illumination source confined beyond the diffraction limit in near field among 
randomly distributed AuNPs with spacing in nanoscale distance. To achieve a 
nanoscaled heat source in this study, a focused laser was coupled with an optical near-
field probe. Since it was necessary to protect the probe from heating by laser 
absorption on its wall, the silicon nitride tip was employed as an optical near-field 
probe instead of traditional silicon tips. Compared to pure direct heating of AuNPs, 
the use of assisting indirect heating of AuNPs could minimize the energy of direct 
laser illumination over AuNPs, resulting in lowering the local AuNP temperature 
increase. By employing near-field laser illumination, therefore, heat could be more 
significantly confined since the lateral temperature profile is of sharp, hillcock-like 
shape rather than the broad Gaussian, As a result, silicon nanowires could be directly 
grown at a pre-specified position with high nanoscale selectivity. It was also shown 
the growth trend is influenced by the beam size of direct laser illumination as well as 
the local temperature increase of the AuNP absorbed that could be predicted by Mie 
theory.  
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FIGURES 
 
 

 

Figure 4-1. A schematic diagram for optical near-field thermal triggered nanowire 
growth system 

 

 

 

 

 

• Substrate-side (Bottom) Focusing Laser 
- ArP

+
P Continuous Wave (λ = 514.5 nm) 

- Focused by 10X OBJ 

• Film-side (Top) Focusing Laser 
    - ArP

+
P Continuous Wave (λ = 514.5 nm) 

- Focused by 10X OBJ 

• SiR3RNR4R AFM (Atomic Force Microscope) Tip 
    - Top : Cr/Au coated 
    - Bottom : uncoated 

• Catalyst : 30 m Colloidal Au NPs assembled  

• Sample Configuration 
   - 2 m a-Si film sputtered on 500 m Quartz wafer 
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Figure 4-2. Scanning electron microscope (SEM) image of SiNWs grown by indirect 
(a) and direct (b) heating of catalysts under far field focused laser beam. The scale bars 
in the figures are 1 m. 

(b) (a) 
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TFigure 4-3.T Scanning electron microscope (SEM) image of SiNWs grown by minimal 
direct heating of catalysts under far-field focused film-side laser illumination with 
assistance of substrate-side laser illumination (72 mW). Film-side laser is illuminated at 
power of 2 mW for 30 s (a), 3 mW for 20 s (b) , and 3 mW for 30 s (c), respectively. 
The scale bars in the figures are 1 m. 

(c) 

(a) 

(b) 
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TFigure 4-4.T Scanning electron microscope (SEM) image of SiNWs grown by minimal 
direct heating of catalysts under near-field focused film-side laser illumination with 
assistance of substrate-side laser illumination (72 mW). Film-side laser is illuminated 
at power of 3 mW for 30 s (a) and 4 mW for 20 s (b), respectively. The scale bars in 
the figures are 1 m. 

(a) (b) 
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TFigure 4-5.T Calculated lateral temperature profiles at top surface of a-Si film in the 
center of the laser spot with different film-side laser illumination beam size coupled 
with supportive substrate-side laser local heating for local heating of the top surface 
by 400 C .  

Pure Bottom(19.25mW at r=5um)

Pure Top(12.02mW at r=5um)

Pure Bottom(15.55mW at r=5um)

Bottom(15.55mW at r=5um)+Top(1.51mW at r=5um)

Bottom(15.55mW at r=5um)+Top(0.774mW at r=2.5um)

Bottom(15.55mW at r=5um)+Top(0.200mW at r=0.5um)

Bottom(15.55mW at r=5um)+Top(0.125mW at r=0.25um)

Bottom(15.55mW at r=5um)+Top(0.083mW at r=0.128um)

Bottom(15.55mW at r=5um)+Top(0.058mW at r=0.064um)

Bottom(15.55mW at r=5um)+Top(0.027mW at r=0.064um)
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TFigure 4-6. TCalculated lateral temperature profiles at top surface of a-Si film in the 
center of the laser spot with different film-side laser illumination beam size coupled 
with supportive local substrate heating by substrate-side focused laser illumination and 
with global substrate heating by substrate heater (350 C ) for heating by 400 C . 
 

Bottom Heater(350℃)+Top(1.51mW at r=5um)
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Bottom(15.55mW at r=5um)+Top(0.200mW at r=0.5um)

Bottom(15.55mW at r=5um)+Top(0.125mW at r=0.25um)

Bottom(15.55mW at r=5um)+Top(0.083mW at r=0.128um)

Bottom(15.55mW at r=5um)+Top(0.058mW at r=0.064um)
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CHAPTER 5 
 

ELECTRICALLY BIASED TIP-ASSISTED 
GROWTH OF A SINGLE SILICON NANWIRE 

 

  To realize SiNWs-based device, it is necessary to control either the direction of 
growth or arrangement on existing devices. Among techniques aiming at directing one-
dimensional nanostructures growth or organizing carbon nanotubes (CNTs) and silicon 
nanowires (SiNWs), electric field has been demonstrated as a good method by some 
research groups. This chapter demonstrates that a single silicon nanowire (SiNW) 
among randomly distributed gold nanoparticles (AuNPs) can be grown in a controlled 
direction by employing an electrical biased sharp tip. In addition, the electrostatic force 
to pull a SiNW from the catalyst is estimated by measuring the deflection of the tip at 
varied bias voltages. 

  
 

5.1 Overview 
 
  As one-dimensional (1-D) nanostructures such as carbon nanotubes (CNTs) 
and semiconducting nanowires (NWs) have been a promising material to realize 
future devices, many studies have been extensively focused on the mechanism of their 
growth. To realize nanostructures-based devices, however, it is also important to grow 
them with controlled direction and arrangement. Another strategy is to assemble as-
grown nanostructures on an existing platform of the device. Several techniques have 
been studied to assemble or arrange of as-grown nanostructures to date. Fluid flow 
induced assembly is convenient, but still faces problems in respect to yield and 
accuracy. More recently, higher level techniques such as optical or optoelectronic 
tweezingP

34,35
P have been applied, but are not sufficient for allowing high spatial and 

angular resolution. Electrical bias induced direction control of growth has been also 
reported.P

93,94,95,96,97,98
P  Respective studies showed that CNTs or SiNWs respond to DC 

electrical bias during the growth to exhibit directionality. Since this technique offers 
an advantage to simultaneously arrange nanowires during the growth, it eventually 
enables pursuit of one-step processes from growth to assembly. Although the effects of 
electrical bias on control of the direction are still controversial, they can be explained 
by two mechanisms of electrostatic force and electric field. 
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  When an external electrical bias is applied to an electrical conductor or 
semiconductor such as CNT and SiNW, internal charges are split into both ends of the 
nanostructure. Positive charges attracted to applied negative bias move to the 
conducting or semiconducting substrate. On the other hand, negative charges are 
attracted to the external positive bias, and are thus accumulated on the end of the 
nanowire tip. Since the negative charges on the end of the tip are subject to the 
external positive bias applied object, the electrostatic force generated can play a role 
of pulling SiNWs toward the direction of the force. The force magnitude can be 
described by the scalar form of Coulomb’s law. The magnitude of electrostatic force 
exerted on a charge ( 1q ) by the presence of a charge ( 2q ) at a certain distance ( r ) is 

                                                1 2
21 2e

q q
F k

r
                                                             (1) 

where ek  as coulomb force constant is related to defined properties of space. 
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The electric field created by a single charge ( 2q ) at a certain distance ( r ) is 
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From Eq. (1), (2), and (3), the relation between electrostatic force and electric field is 
established in 21 1 21F q E . Therefore, external electrical bias can potentially attract the 

growth of nanowire and guide the direction of the growth following the electric field. 
This chapter demonstrates that a single SiNW can be selectively pulled and grown in 
the controlled direction by employing a DC electrical biased sharp tip. To investigate 
the force to pull a SiNW in a controlled direction starting right from the catalyst rather 
than bend grown SiNWs with a certain length, the electrostatic force between the 
substrate and the tip is estimated by measuring the deflection of the tip in response to 
bias voltage. 
 
 
5.2 Experimental Setup 
 

Figure 5-1(a) shows a schematic diagram for controlled growth of a single 
SiNW by externally biased sharp tip. For the sample, 40 nm colloidal gold 
nanoparticles (AuNPs) were assembled on 4.5 m amorphous silicon film sputtered 
on a fused silica substrate. The sample was enclosed within a vacuum chamber which 
had two optical windows allowing laser access from the bottom side of the sample and 
monitoring of the sample by a reflection optical microscope from the film side. 
Continuous wave (CW) ArP

+
P laser radiation at a wavelength of 514.5 nm was focused 
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in the interface of amorphous silicon film and fused silica substrate by 10X objective 
lens. Sufficiently thicker film than the optical penetration depth at the laser 
wavelength (514.5 nm) was selected in order to minimize direct heating of AuNPs and 
simultaneously guarantee sufficient absorption of laser energy from laser in the film. 
Laser illumination time was varied in the range of 1–30 s by a mechanical shutter. 
Laser power was controlled by an attenuator consisting of a half wave plate and a 
polarizing beam splitter and monitored in real time via the beam reflected out of a 
polarizing beam splitter. 0.9% SiHR4R diluted in He was introduced into the reaction 
vacuum chamber at 200 sccm maintaining 6.5 Torr as a partial pressure. A sharp 
atomic force microscope (AFM) tip (0.01-0.025 Ω-cm, Antimony (n) doped, ESP, 
Veeco Instruments Inc.) was employed for local electric field generation as shown in 
Figure 5-1(b). The distance between the top surface of the sample and the AFM tip 
apex is maintained at 2 m by the probe beam reflected from the top surface of the tip 
into a quadratic PSD (positioning sensitive diode). Ppositive and negative DC 
electrical bias voltages were applied to the AFM tip and the sample, respectively. The 
electric potential was fixed at 46 V in total. 

 
 

5.3 Experimental Results & Discussion 
 
5.3.1. Selective and controlled growth of a single SiNW by an e-biased 

sharp tip 
 

The SEM images in Figure 5-2 that were taken from different angles, show 
quite surprisingly that only a single SiNW among the randomly distributed AuNPs is 
directed at 55˚ from the surface by the external electrically biased sharp tip (Figure 5-
1(b)). Indirect localized heating was provided by laser power of 69 mW for 10 s. 
Neighboring AuNPs remained intact, although they lied within the heat affected zone. 
For no external bias at the same laser power and growth time, it has been already 
shown in my previous experiments that SiNWs at the onset of the apparent growth 
tend to crawl along the surface of the film when grown on a-Si film without external 
bias, as shown in Figure 5-3. After a certain elapsed time, SiNWs grow epitaxially in 
the direction offering the lowest energy. Consequently, the nanowire root segment 
tends to have orientation different than the stem’s. Therefore, this study focuses on 
controlling the SiNW root orientation during the initial growth stage. It is significantly 
found by employing the electrically biased sharp tip that the root (extending to about 
100 nm from the bottom in Figure 5-2(b)) of the grown SiNW is aligned along the 
same direction as the rest of the NW. Since AuNPs as catalysts are intrinsically 
negatively charged, they are electrostatically attracted by a positively biased sharp tip.  
In addition, since the electric field is enhanced in the nanostructured geometries such 
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as sharp tip as well as nanoparticles, the electrostatic force is also enhanced in 
proportion to the electric field, according to Eq.(1) and (3). Therefore, the 
experimental result indicates that externally biased sharp tip possibly forces the 
catalyst to be pulled along the direction of the induced field due to enhanced 
electrostatic force and electric field, resulting in controlled growth of the initial SiNW 
portion. In fact, once a SiNW starts growing along the controlled direction, it can be 
easily grown along the same direction due to the epitaxial growth characteristics. 

For further investigation on the controlled growth by externally biased tip, a 
plateau tip of 1.8 m in diameter was also employed in the experiment as shown in 
Figure 5-4(a). For the plateau tip, the gap between the plateau and the substrate was 
also maintained at 2 m, i.e. the same as for the sharp tip. Although the same electric 
potential (46 V) was applied as on the sharp tip, resulting in 23 V/m of the electric 
field without considering field enhancement effects, it appears that the biased plateau 
tip does not impose external bias effect on the controlled growth on SiNWs shorter 
than 1 m as shown in Figure 5-4(b). Previous reports have focused on the alignment 
via bending as-grown SiNWs or CNTs.P

93,94,96
P Joselevich et al.P

93
P also reported that the 

alignment of CNTs depends on their diameter as well as the length due to the different 
torque exerted by external field. Englander et al.P

96
P demonstrated the electric field 

assisted growth of SiNWs depending on their length. It is reported in the study that 
longer SiNWs are more effectively aligned along the directions of electric field (5 
V/m) while 2-3 m SiNWs stray from the direction of the same induced field, 
resulting in random growth orientation. Therefore, it is believed that SiNWs shorter 
than 1 m need higher electrostatic potential to be bent and aligned along the electric 
field than 23 V/m as shown in the aforementioned experiment. It is apparent that the 
electrical field exerted by the biased plateau tip is not of sufficient potential to pull the 
catalyst and hence align the SiNW root during the synthesis. 

 
 

5.3.2. Electrostatic force for pulling a SiNW from a gold catalyst. 
 

As shown in the results obtained by using the biased sharp tip and the plateau tip, 
much higher electrostatic force is required to align a SiNW by pulling the catalyst from 
the beginning of the synthesis than by bending an as-grown SiNW of a certain length. It 
is therefore necessary to estimate to what extent the electrostatic force is formed by the 
tip geometry and affects the controlled growth. Without considering the field 
enhancement by the catalyst, the electrostatic force between the a-Si substrate and the 
tip is experimentally calculated by measuring the displacement of the tip with respect to 
bias voltage and then by employing Hook’s law ( F k    ).P

99
P The gap between them 

is initially set by 2 m. Figure 5-5 shows the measured displacement of the sharp tip 
and the plateau tip at varied bias voltages. The deflections at the bias voltage of 46 V are 
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measured at 0.63 m and 1.7 m for the sharp tip and the plateau tip, respectively. 
Given by Hook’s law, the calculated electrostatic force is by about three times stronger 
in the case of the plateau tip (340 nN) than for the sharp tip (126 nN). However, since 
the measured forces ( measuredF ) is the averaged electrostatic force ( tip substrateF  ) acting on 

between the surface area ( 2(0.9μm)  and 22 (10nm)  for the plateau tip and the 
sharp tip, respectively) of the tip facing the substrate and a similar order projected area 
on the substrate and, not on the catalyst particle. Consequently, it does not necessarily 
represent the force to pull the catalyst but, rather depends on the tip geometry. In this 
estimation, the force between the sloped surface of the tip and the substrate is neglected. 
In case of the sharp tip, where the radius of the catalyst exceeds the radius of curvature 
of the tip end as shown in Figure 5-6(a), it is simply assumed that the measured force is 
the electrostatic force acting on the catalyst. On the other hand, since the surface of the 
plateau tip is much larger than the size of the catalyst as shown in Figure 5-6(b), it is 
assumed that the projected area of the catalyst onto the surface of the tip is considered. 

( )sharp tip np measured sharptip substrateF F                                                                        (4) 

( )
projectionarea from a catalyst

plateau tip np measured plateau tip substrate
tip surface

A
F F

A                                (5) 

On the basis of Eqs.(4) and (5), it is estimated that sharp tip npF  (~10P

2
P nN) is by 

several orders of magnitude stronger than plateau tip npF  (~10P

-1
P nN). Although this estimate 

is certainly approximate, it is argued that a catalyst can be pulled and then grown into a 
SiNW along the controlled direction due to the highly enhanced electrostatic force (~ 
10P

2
P nN) by a sharp tip. Moreover, if the field enhancement in the gold nanoparticle is 

considered, the streamline of the effective electric fields would be confined within an 
even narrower spatial domain extending between the tip apex and the catalyst. A 
growing SiNW may then be favorably protected from straying away from the direction 
of the induced field. 

 
 

5.4 Summary 
 

In this chapter, it was demonstrated that highly selective and controlled growth 
of a single SiNW can be achieved by externally biased sharp tip with. The electric field 
enhancement by the tip and the catalyst produced greater electrostatic force, resulting in 
pulling the catalyst along a controlled direction of the induced field and consistently 
growing a SiNW in the same direction. Experimentally, the electrostatic force, i.e. the 
force to pull the catalyst by the tip was estimated by measuring the deflection of the tip 
at varied bias voltages and employing Hook’s law. By comparing the electrostatic force 
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enhanced by a plateau tip with that by a sharp tip, it was also investigated how the 
geometry of the biased tip can affect the controlled the growth. 



 

60 

FIGURES 

 

(a) 

 

(b) 

Figure 5-1. A schematic diagram (a) for controlled growth of SiNW by an electrical 
biased sharp tip (b) which typically has 10 nm in radius of the tip.  The Tip was 
ESP(0.01-0.025 Ω-cm, Veeco Instruments Inc.) The scale bar in (b) is 10 m. 
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Figure 5-2. A single SiNW among AuNPs randomly distributed on the amorphous 
silicon substrate AuNPs was directed at 55˚ by employing DC biased sharp tip of which 
total voltage was 46 V. Positive and negative biases were applied to the sharp tip and 
the sample, respectively. A focused laser illuminated in the interface between a-Si film 
and fused silica substrate heated up the catalysts within heat affected zone to activate the 
growth of SiNWs. (a), (b), and (c) respectively show an as-grown nanowire at rotation 
angle of 0, 90 and 180˚ with tilted angle of 35˚. The bias voltage was 46 V. Laser was 
illuminated at 69 mW for 10 s. The scale bars in the figures are 200 nm. 

(c) 

(a) 

55˚ 

(b) 

(b) 

(a) 

(c) 
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Figure 5-3. SiNWs grown on the amorphous silicon film without an external bias. Laser 
was illuminated at 69 mW for 10 s. The scale bar in the figure is 500 nm. 
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Figure 5-4. SiNWs((b) for top view and (c) for 45˚ tilted view) grown by the DC 
positive biased plateau tip (a) which has 1.8 m in diameter. The tip was PL2-CONTR 
(NANOSENSORSP

TM
P). The bias voltage was 46 V. Laser was illuminated at 72 mW for 

10 s. The scale bars in the figures is 1 m. 

(b) (c) 

(a)
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Figure 5-5. Measured deflection of a sharp tip and a plateau tip at varied bias voltages. 
The sharp tip and the plateau tip was PPP-CONTR (k = 0.2 N/m, tipR = 10 nm) and 

PL2-CONTR (k = 0.2 N/m, tipR = 1.8 m) from NANOSENSORSP

TM
P, respectively. 

 
 

46V

~1.7 m 

~0.63 m 
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Figure 5-6. Projected area of the catalyst onto the tip depending on its geometry. The 
field effective area ( 22 (10nm)  ) of the sharp tip (a) is smaller than that of projected 

area ( 2(20nm)  ) of the catalyst.  On the other hand, the surface of the plateau tip 

( 2(0.9μm)  ) is much larger than the size of the catalyst, respectively. 
 

(a) (b) 
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CHAPTER 6 

 
CONCLUSION AND FUTURE DIRECTIONS 

 

In this thesis, the use of laser radiation was introduced for direct and localized 
growth of silicon nanowires in microscale and nanoscale dimensions, achieved by far-
field and near-field optics, respectively. Detailed investigations on the mechanism of 
laser-assisted growth demonstrated that laser-assisted synthesis is not only a convenient 
and systematic tool to explore new nanostructure growth mechanisms, but also a highly 
controllable means for directly growing multiscale nanowires at an arbitrary position 
accuracy via accessing a wide space of processing parameters. In addition, it was shown 
that an optical near-field probe- and an electrically biased sharp tip-based technique can 
synthesize a single silicon nanowire with highly selectivity and controllability. The 
following are brief summaries for each chapter in this dissertation and an account of 
future directions. 
 
 

6.1 Conclusion 
 
In chapter 2, by spatially confining the nanowire growth region via focused 

laser beam illumination, multi-parametric study was carried out in a single platform 
by controlling the process conditions such as growth time, laser power, and laser 
illumination direction. From kinetic analysis, it was shown that laser-assisted growth 
of SiNWs is thermally activated following Arrhenius like behavior with indirect 
heating of the catalysts.  

In chapter 3, very early stage of growth of SiNWs could be precisely dialed with 
temporal resolution of 1ms by taking advantage of the faster localized heating capability 
of laser, compared to conventional furnace process. From the results, the nucleation 
time decreased in exponential fashion with temperature at the same catalyst size. 
However, the ratio of the nucleation times corresponding to two different catalyst sizes 
increased with decreasing temperature possible due to size effect. The activation energy 
required for the diffusion of silicon through solid Au increased with the catalyst size. 
Compared to conventional furnace process, shorter nucleation time at early stage as well 
as faster growth rate in the subsequent growth by 2~3 orders of magnitude showed that 
three-dimensional diffusion effect of the precursor gas (SiHR4R) dominates the nanowire 
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synthesis. In this respect, it is worth noting that this is the first study to investigate the 
mechanism of fast growth of SiNWs. 

Chapter 4 presented highly selective direct growth of a single silicon nanowire 
(SiNW) by employing an optical near-field technique. A nanoscale heat source was 
achieved by a focused laser coupled with an optical near-field probe. Especially, the 
silicon nitride tip was employed as an optimal near-field probe to protect the probe from 
heating by laser absorption on its wall. The use of assisting indirect heating could 
minimize the energy of direct laser illumination over AuNPs, resulting in lowering the 
local AuNP temperature increase. Consequently, highly selective direct growth of a 
single SiNW among randomly distributed AuNPs with spacing in nanoscale distance 
was achieved. It was demonstrated from this study that a laser illumination source 
confined beyond the diffraction limit in the near field could be a versatile tool for the 
direct growth of semiconductor NWs at pre-specified area with nanoscale selectivity. 

Chapter 5 demonstrated the controlled growth of a single SiNW assisted by 
electrically biased tip. It was shown that strongly enhanced electrostatic force by a sharp 
tip has enough potential to pull a catalyst along a specific direction. The study also 
showed the nanoscale selectivity of the sharp tip provides capability to grow a single 
SiNW among randomly distributed gold nanoparticles (AuNPs) with spacing in 
nanoscale distance. Furthermore, to examine the electrostatic force as driving force for 
the direction control, the deflection of the tip with respect to applied bias voltage was 
measured as a calibration step. 

 
 

6.2 Future directions 
 
  As shown in this thesis, laser-assisted technique is highly advantageous for 
localized direct growth of semiconducting nanowires on the prescribed platform. This 
result can enable multi-nanomaterials synthesis on a single platform that is hard to 
achieve by conventional furnace scheme. The fabrication of multi-bandgap nanowires 
on a single platform can be a unique example. Each semiconducting material has a 
specific bandgap, which can be adjusted by mixing with other matching materials or 
dopant sources during the synthesis. However, since the selectivity of the available 
materials or sources is very limited in conventional furnace processes, the resulting 
nanomatieral bandgap cannot be varied across the wafer. On the other hand, just by 
switching corresponding gases and controlling their ratio with laser-assisted technique, 
multi-spectral or -functional nanodevices covering from UV to IR at wavelength can 
be directly fabricated on a single platform.  
  To realize applications, the orientation control of nanowire growth should be 
more improved. Unlike the amorphous silicon film that was used in this thesis, single 
crystalline silicon substrate can be considered as a solution for high vertical growth 
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yield that should be also optimized with processing conditions such as precursor 
partial pressure and growth temperature. For selective and controlled vertical growth 
of nanowires, it is also necessary to investigate electrically biased tip assisted growth 
with systematic experiments. 
  In addition, laser assisted growth of nanowires based on indirect heating of 
catalysts tends to strongly limit the range of applications. Therefore, different 
configurations for direct laser illumination based growth should be studied to surpass 
this limitation, such as employing different laser wavelengths. 
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APPENDIX 

A. Lateral temperature profile in overall distance from the center of the laser spot 
(extended from Figure 4-5) 
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B. Lateral temperature profile in overall distance from the center of the laser spot 
(extended from Figure 4-6) 
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