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Abstract 

 

 

Silicon microneedles are currently of great interest as one of the most useful and 

powerful forms of Si microstructures that could provide a promising option for 

emerging electronic systems. Microneedle have novel properties for various 

applications such as sensor, fabrication of active devices like transistors, solar cell etc. 

Si microneedles can be fabricated by various techniques and the Vapor-liquid-solid 

process (VLS) is a mechanism of forming such needle like crystal directly. 

Highly conductive doped Si microneedles are required for sensing small signals 

and for device fabrication. By in-situ doping into the VLS growth method, more 

conductive needles can be grown. Boron-doped p-type silicon micro needles have been 

grown via in-situ doping VLS mechanism using gold (Au) as a catalyst with di-silane 

(Si2H6) as Si source and diborane (B2H6) as dopant source. Experimental data shows 

that doping changes the growth kinetics and electrical properties of the needles. Thus 

boron doping brings about new challenges such as control of the sizes, structures, and 

properties of microneedles during the synthesis step. Hence the purpose of this thesis 

work was to study and analyze the physical and electrical characteristics of boron doped 

Si-micro needles in detail with proper mathematical modeling.  

At first, the effect of doping level on the growth rate of the microneedle was 

analyzed. A mathematical model relating growth rate with doping level was derived 

which is compatible with the experimental result. Similarly the effect of microneedle 

diameter on the growth rate has been explained with mathematical relation based on the 

experimental data and related research works. Again the dependency of the diameter of 

the needle on doping level and other initial conditions of VLS growth was analyzed and 

explained in this work. At last the electrical characteristics of the boron doped Si 

microneedle was investigated and explained using the physics of metal-semiconductor 

junction, Schottky barrier and band theory. All the results of this work have been 

compared with experimental data to justify the compatibility of the models. 

The mathematical model and analysis in this thesis will be very helpful to 

anticipate the size of such Boron doped microneedles and hence to fabricate 

microneedles of desired length and width for certain applications. The analysis of the 

electrical properties work will also be helpful to improve the J-V characteristics in 

future while fabricating vertical devices like diodes, transistors with Si microneedles. 
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1. Chapter 1 

Introduction    

1.1 Scope of the thesis 

The rising demand of low-dimensional Si microstructures for various applications 

(MEMS application) has attracted the attention of the researchers towards the 

fabrication of Si micro needles. These Si micro needles can be used in many 

applications such as inserting needle for sensing  signals for biomedical applications 

[1]-[5], for the fabrication of vertical active devices like diodes and transistors [4]-[6]  

microneedle array sensor for both force and temperature detection [7]. Si micro needles 

can be fabricated by various ways like chemical vapor deposition (CVD) method, 

etching technique etc but the Vapor-liquid-solid process (VLS) [5] is a mechanism of 

forming such needle like crystal directly.  

However the importance of these microneedles as sensors and for other applications 

has motivated this thesis work. For the successful utilization and growth of these 

microneedles, proper modeling and characterization of both physical and electrical 

properties is must. Literature shows that most of the previous researchers reported 

intrinsic type Si micro needles grown by VLS using only Si gas source. The main goal 

of this research work is the modeling and detail analysis of physical and electrical 

properties of boron doped silicon micro needle grown by vapor liquid solid (VLS) 

mechanism. 
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 1.2 State of the problem 

 Intrinsic type Si micro needles grown by VLS using only Si gas source are not 

suitable for some applications such as its high resistivity (~ 104
Ω) is a barrier for 

collecting small valued neural signal and again undoped Si is not suitable for device 

fabrication; therefore, highly conductive doped needles were demanded. The 

conventional thermal doping at 11000C can improve conductivity but this high 

temperature is detrimental to on-chip devices [9]. Conversely lower is unable to dope 

the probes sufficiently; it was observed that at 900ºC the depth of doping was 0.5 µm 

from the surface of the needle sidewall [10]. Thus temperature issue was a great barrier 

to fabricate highly conductive probes with on-chip circuitry by conventional way of 

thermal diffusion. However, introducing in-situ doping into the VLS growth method, 

more conductive probes can be grown at a lower temperature around 700°C [11]. 

Boron-doped p-type silicon micro needles have been grown via in-situ doping VLS 

mechanism using gold (Au) as a catalyst with di-silane (Si2H6) as Si source and 

diborane (B2H6) as dopant source [11]. 

 Experimental data shows that mixing of diborane with disilane changes the growth 

kinetics and electrical properties of the needles. It was observed by the researchers that 

boron doping changes the growth characteristics of the microneedles significantly if 

compared with the intrinsic one. The growth rate first increases with the increment of 

boron doping and after certain level of boron incorporation the growth rate decreases. 

The reason behind this mysterious behavior was unanswered and this research work has 

given a light to the mystery with successful analysis and modeling [12]. Again boron 

doping also changes the electrical characteristics. Conductor like linear I-V 

characteristics was expected but experimental results show different nature. The I-V 

characteristic was found to be linear in one direction and rectifying in the opposite 

direction. This rectifying behavior was also hazy to the researchers. A complete analysis 

and model of this rectifying behavior of boron doped Si microneedles is also proposed 

in this work. 
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 1.3 Applications of microneedles 

Microneedles has  a huge prospect as MEMS (Micro-Electro-Mechanical Systems) 

which means miniaturized mechanical and electro-mechanical elements that are made 

using the techniques of micro fabrication. There are various applications for MEMS in 

the field of biotechnology, medicine, communication and internal sensing. This modern 

technology has contributed a lot in the field of biology and microelectronics. Recently 

researchers are exploring the field of nanotechnology to a great extent but  mechanically 

robust structure is required during penetration into tissues such as the brain, peripheral 

nerves, etc. the microstructure is mechanically strong and hence suitable for certain 

applications especially as sensors. Microneedle has a huge prospect to use as a sensing 

due to their special needle like shape and mechanical strength [7]. Here are a few 

applications of microneedles: 

1.3.1 Biotechnology 

The living cell response to an external electrical field is a fundamental method 

for drug development and disease studies. Microneedle can be used in such biomedical 

application as sensor for their special needle like shape. At present various MEMS are 

used for DNA amplification and identification, biochips for detection of hazardous 

chemical and biological agents, and for high-throughput drug screening and selection.  

J. Held et al [1] has reported the use of microneedle for  the electroporation of 

adherently growing cells and intracellular recording with focus on the influence on 

external factors on the cell behavior. The figure below shows how they used 

microneedles for intra cellular recording. 

 

Figure 1.1 : Microneedle electrode grown by dry etching inserted into cells for intracellular 

recording [1]                                  
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1.3.2 Medical science 

Applications for MEMS in medicine are numerous. The most successful 

application of MEMS in medicine is as pressure sensors, some of the applications of 

MEMS pressure sensors in medicine include blood pressure and respiration monitoring 

system, barometric pressure sensing, in kidney dialysis monitoring system and drug 

delivery etc. The contribution to patient care for all of these applications has been 

enormous. It is obvious that MEMS has already contributed a lot in the field of medical 

science. At present MEMS electrodes are also being used in neuro-signal detection and 

neuro-stimulation applications. T. Kawano et al have reported on the development of 

neural recording chip device with penetrating Si microprobe electrode array using IC-

process [3]. These microneedles also have prospective applications in the chemical and 

biomedical fields for localized chemical analysis and programmable drug-delivery 

systems [5]. 

1.3.3 On-chip devices 

K. Takei et al have reported the fabrication of Si microprobes and on-chip 

NMOSFETS and also tested the electrical characteristics as well as the mechanical 

feasibility of the needles to insert into neural network of human brain in order to collect 

neural signal [4]. Realization of Si vertical surround gate FET (Fig 1.2) is reported by 

V. Schmidt et al [6]. This kind of vertical surround gate can also be fabricated in micro 

scale which will be suitable to use as sensors for their mechanical robustness.  

 

     Figure 1.2 : Schematics of a conventional p-channel MOSFET and a silicon nanowire vertical 

surround-gate field-effect transistor grown by VLS method.[6] 
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1.3.4 Force and Temperature sensing 

 Recently A. Ikedo et al have proposed an out-of-plane high-aspect-ratio 

microneedle array sensor which can be used for both force and temperature detection 

utilizing the piezoresistance effect of semiconducting materials [7]. The figure below 

shows the method. 

 

Figure 1.3: Out-of-plane silicon microwire-based artificial whisker array sensor by selective VLS 

growth of p-silicon on an n-silicon [7] 

1.4 Review of previous work 

The Vapor Liquid Solid (VLS) mechanism was first reported by Wagner in1964 as 

a method for silicon whisker growth [7]. The vapor-liquid-solid process (VLS) is a 

mechanism of forming needle-like crystal directly. In this method the dots of a metallic 

catalyst (normally Au) are formed on Si substrate. Then the substrate with Au dots is 

heated in a vacuum chamber and then Au-Si liquid alloy droplets are formed on the Si 

surface as Au mix with Si atoms of the substrate. Now if the gas source of Si is 

introduced into the chamber, Si atoms from the gas are absorbed by the Au-Si liquid 

alloy droplet. When the droplet becomes supersaturated, Si atoms begin to precipitate at 

the interface of alloy droplet and substrate and hence needle-like Si crystal grows 
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perpendicular to Si surface as shown in Fig 1.3. The VLS method is discussed in detail 

in Chapter 2 of this work. 

 

  Figure 1.4 : Needle grown on Si substrate by VLS method. 

      

 However Since 1964 researchers are using this method as an effective way of 

fabricating needle like structures both in micro and nano scale for various applications 

[1]-[6]. But most of the previous researchers reported about intrinsic type microneedle 

and the main problem of these intrinsic type needles is the high resistivity which is an 

obstacle towards collecting small signals. A group of researchers, M.S Islam et al in the 

Toyohashi University of Technology; Japan introduced an alternate approach by 

incorporating in situ doping into VLS growth system and thus they obtained doped Si 

microprobes at low temperature (around 700ºC) [11]-[13]. This method of in situ 

doping solved the temperature and resistivity issues as described in section 1.2 to a 

great extent. Both P-type and N-type microneedles were grown successfully by the 

group. Experimental data was collected and reported where some deviation in growth 

and electrical characteristic was found in case of boron doped P-Si microneedles. This 

research work has covered the complete growth and electrical analysis with 

mathematical modeling. 



8 

 

1.5 Objective  

 

 This work has the following objectives related to boron doped silicon 

microneedle formed by in situ VLS method: 

i)   To model the growth rate of boron doped silicon microneedle as a function 

of Au dot size and doping level. 

ii)   Modeling of the diameter of the needle as a function of the Au dot size and 

doping level. 

iii) Analysis of the current-voltage (I-V) characteristics of boron doped silicon 

microneedle. 

The results of this work will be necessary to predict the length, diameter and 

electrical properties of the needle required for certain application.  

 

 1.6 Approach 

The growth rate of boron doped silicon micro needle is influenced by various 

factors like the properties of the liquid alloy, the gas flow rate, Au dot size, doping 

level, the ambient temperature and pressure etc [14]- [16]. At first this work has 

analyzed the effect of changing doping level on the growth rate for a fixed Au dot size. 

From previous reports it was found that boron doping enhances the gas absorption rate 

and causes some loss of Au in the needle simultaneously [14]. This loss of Au reduces 

the Au droplet size on the top of the needle. The interaction of these two phenomena 

has been investigated and a mathematical model expressing the relationship between the 

growth rates and doping level has been developed [12]. Solid defects caused by gold in 

Si needle [14] , sticking properties of boron, gas phase reaction of disilane (Si2H6) and 

diborane (B2H6) [16] has been considered carefully for the modeling. Similarly for a 
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constant doping level the growth rate variation of boron doped Si microneedles has 

been investigated as a function of Au dot size.  

Again the diameter of the needle depends on Au-Si liquid alloy droplet size, which 

is directly related to the Au dot size. However, the size of the droplet is affected by the 

viscosity and surface tension of liquid Au-Si alloy as well as the wetting of Si by liquid 

Au-Si alloy [17]-[20]. All these factors are considered for the modeling of the needle 

diameter as a function of Au dot size. Similarly the effect of doping on the diameter has 

been analyzed.  

 Experimental result exhibits nonlinear I-V relationship whereas, a simple doped 

needle is expected to provide linear I-V characteristics. This nonlinearity indicates the 

probability of having any rectifying junction specifically on top of the needle where 

some Au-Si alloy remains after needle formation. Related physics of metal-

semiconductor junction, Fermi level, Schottky barrier and band theory [21], electron 

transport process [22]  has been used to analyze the I-V characteristics and also the 

experimental result is compared with the simulation.  

1.7 Organization of this thesis 

This thesis consists of six chapters. Chapter-1 is concentrated on the purpose and 

scope of the work, back ground and present state of the problem, objective and 

methodology.  

In chapter-2, a brief overview of the different methods of microneedles fabrication, 

the VLS mechanism and the experimental procedure of microneedles growing process 

is covered. 

In chapter-3, the growth rate of boron doped Si microneedle is analyzed and 

mathematical model is designed. 

Chapter-4 includes the modeling of the needle diameter as a function of Au dot 

size. Similarly the effect of doping on the diameter has been analyzed in this chapter.  
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Chapter-5 contains a theoretical overview of metal-semiconductor junction and 

basic current transport processes through the contact. The thermionic emission theory of 

current transport is discussed in detail and derivation of J-V equation also included in 

the chapter. 

In chapter-6, the electrical properties of boron doped Si microneedle are analyzed 

and the J-V characteristics are compared with simulation.  

Finally, conclusions and some proposals for future work are given in chapter-7. 
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2. Chapter 2 

Microneedle Fabrication    

 2.1   Fabrication Process 

The technology of driving very small mechanical devices by electricity is known 

as MEMS. It merges at the nano-scale into NEMS (Nanoelectromechanical systems) 

and nanotechnology. Usually MEMS are supposed to be between 1 to 100 micrometres 

in size (i.e. 0.001 to 0.1 mm). With the advancement of semiconductor device 

fabrication technologies, normally used to make electronics, MEMS became practical as 

the fabrication became feasible. MEMS technology can be implemented by different 

materials and manufacturing techniques. These include patterning, wet etching and dry 

etching, electro discharge machining (EDM), CVD and VLS and other technologies 

capable of manufacturing small devices. Fig 2.1 shows MEMS basic processes. 

 

 

 

 

 

 

Figure 2.1 : Various MEMS basic processes. 
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2.2 VLS Mechanism 

2.2.1 Introduction 

 First introduced by Wagner in 1964[7] the vapor-liquid-solid process (VLS) is a 

mechanism for the growth of needle like structures like microneedles and nanowires. 

Similar structures can also be grown from chemical vapor deposition (CVD). In CVD 

method crystal growth is through direct adsorption of a gas phase on to a solid surface 

which is generally very slow. The VLS mechanism overcome this by introducing a 

catalytic liquid alloy phase which works like a trap and can rapidly adsorb the atoms of 

constituents from vapor to supersaturation levels. Thus crystal growth occurs from the 

nucleation of seeds at the liquid-solid interface. The VLS mechanism can be described 

in three stages as in the figure below. 

 

Figure 2.2 : Three basic stages of VLS mechanism. 

2.2.2 Fundamentals of VLS mechanism 

Wagner summarized the experimental details, results and VLS theory in a truly 

elegant way which was further elaborated by Givargizov who developed the 

experimental observations and models and theories regarding the VLS process. In the 
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recent years, extensive research in this field has been carried out but the fundamental of 

the VLS method have not changed much. Wagner summarized the requirements for the 

VLS growth as bellows: 

� The catalyst or impurity must form a liquid solution with the crystalline 

material to be grown at the deposition temperature. 

� The distribution coefficient of the catalyst or impurity must be less than unity 

at the deposition temperature. 

� The equilibrium vapor pressure of the catalyst or impurity over the liquid 

droplet must be very small. Although the evaporation of the catalyst does not 

change the composition of the standard liquid composition, it does require 

the total volume of the liquid droplet. Unless more catalyst is supplied, the 

volume of the liquid droplet reduces.  

� The catalyst or impurity must be inert chemically. It must not react with the 

chemical species such as by-products present in the growth chamber. 

� The interfacial energy plays a very important role. The wetting characteristic 

influences the diameter of the probes. For a given volume of liquid droplet, a 

small wetting angle results in a large growth area, leading to a large diameter. 

� For a compound growth, one of the constituents can serve as the catalyst. 

� For controlled unidirectional growth, the solid-liquid interface must be well 

defined crystallographically. One of the simplest methods is to choose a 

single crystal substrate with desired crystal orientation. 

 

2.2.3 VLS Growth Process 

In order to illustrate the process of the VLS growth the growth of silicon 

microneedles with gold as a catalyst and Si as substrate is taken as an example.  

2.2.3.1 Alloying process 

At first a thin layer of gold is deposited on silicon substrate and annealed at an 

elevated temperature (above the eutectic point of 3800C of the silicon-gold system), 

which is typically same as the growth temperature. During the annealing, silicon and 

gold react and form a liquid mixture, which forms a droplet on the silicon substrate 
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surface. During the growth, an equilibrium composition is reached at the growth 

temperature as determined by the binary phase diagram as shown in Fig. 2.3. 

 

         Figure 2.3 : Binary Au-Si phase diagram 

 

2.2.3.2 Nucleation process 

 When Si vapor is introduced from the source the droplet acts like a trap and the 

gas preferably condensed at the surface of the liquid droplet. Thus the liquid droplet 

become supersaturated with silicon atoms which ultimately diffuse from the liquid-

vapor interface and precipitate at the solid-liquid interface. 

2.2.3.3 Axial growth 

 Once the Si crystal nucleates at the liquid/solid interface the axial growth starts. 

Further condensation of Si vapor into the system increases the amount of precipitation. 

The incoming Si species prefer to condense at the existing solid/liquid interface as this 
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requires less energy involvement. Thus the growth proceeds perpendicularly to the 

solid-liquid interface and ultimately needles grow as in the following figure. 

 

 

 

Figure 2.4 : Micro needles grown by vapor-liquid-solid mechanism 

 

2.3 In Situ doped VLS 

Incorporating in situ doping into VLS growth system doped Si microneedles can 

be grown  at low temperature (around 700º) [13]. In this method, doping materials is 

introduced as vapor during the VLS growth and thus the needles are doped. The doping 

concentration is controlled by changing the flow rate of the doping species. A group of 

researchers, in the Toyohashi University of Technology; Japan grew boron doped p-

type Si microneedles by incorporating in situ doping into VLS growth system at low 

temperature (around 700ºC) [11]-[13].The  result of the experiment is used in this work 

for analysis. 

2.3.1  p-Si Microneedle Fabrication 

In the experiment p-Si (111) wafer was used as a substrate. Fig .2.5 shows the 

steps of fabrication of p-Si microneedle by VLS. First of all using wet oxidation at 

11000C, about 900 nm thick SiO2 layer was formed on p-Si (111) substrate (Fig. 2.5a). 

Then arrays of circular windows through SiO2 was created by photolithography and 

  Gas source (Vapor) 

Au droplet (Liquid) 

Si needle (Solid) 

Si wafer 
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SiO2 etching with buffered hydrofluoric acid (BHF) as shown in Fig. 2.5b. Then 50-

200nm thin film of Au was deposited over the pattern by evaporation technique. (Fig. 

2.5c).Then by lift-off process the Au film was removed from the resist-surface and thus 

Au dots of desired diameter remained in the arrays of circular SiO2 windows as in Fig. 

2.5d since surface was exposed through these windows. 

 

Figure 2.5 : Fabrication steps of p-Si microneedle by VLS growth. 

 

 Then the sample with Au dots was inserted into a high-vacuum gas-source 

molecular-bean-epitaxy (GS-MBE) chamber. The chamber was equipped with 100% 

Si2H6 as Si source and 1% B2H6 (diluted in 99%H2) to assist in-situ doping of the 

needles grown by VLS mechanism. It was possible to control the boron-to-silicon ratio 

in the inlet gas system by adjusting the flow rate of B2H6   and   Si2H6.  At a temperature 

around 7000C the sample was annealed and Au-Si droplets were formed inside the SiO2 
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windows (Fig. 2.5e). This is because the mixing of Au with Si reduces the melting 

temperature of the alloy (~363˚C) as compared to the alloy constituents. The mixed gas 

of B2H6 and Si2H6 was then supplied in the chamber with a controlled flow rate. The gas 

was absorbed by the Au-Si liquid alloy droplet and became supersaturated and Si atoms 

precipitate out of the supersaturated liquid-alloy droplet at the liquid-alloy/solid-Si 

interface, and thus p-Si micro needle with desired doping were grown by VLS method 

(Fig .2.5f).  

2.3.2 Results 

p-Si microneedles of different sizes at different doping levels were grown.     Fig 

.2.6 shows a typical (7x6) array of p-type Si microneedles of 48 µm long with a 

diameter of 2 µm grown by in-situ doping VLS mechanism at 6900C at the growth 

pressure of 5×10-3 Pa using the ratio of B2H6  to  Si2H6  of 6882 ppm ( parts-per-million) 

for 90 min.  

 

 Figure 2.6: SEM image of a typical (7x6) array of p-Si microneedle array grown by in situ doped 

VLS at 690
0
C at the growth pressure of 5×10

-3
 Pa using the ratio of B2H6  to  Si2H6  of 6882 ppm for 

90 min.  [13]. 
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Diameter and length of the microneedles were measured for various sets of 

experiments (table 2.1). The Current-voltage (I-V) characteristic of boron doped p-Si 

microneedles were also measured by using one contact with tungsten (W) microneedle 

at the tip of the p-Si microneedle and the other contact was at the base of the 

microneedle. For the appropriate placing of the W-needle at the p-Si needle a 

micromanipulator system was used. 

 

Table 2.1: Experimental data of microneedle growth 

B2H6 

Flow 

rate 

(sccm) 

SiO2 

Flow 

rate 

(sccm) 

Temp 

(C) 
Pressure 

(pa) 

Time 

(min) 

Au Dot 

Diameter 

(µm) 

Needle 

Length 

(µm) 

Needle 

Diameter 

(µm) 

4 34.81 1.65 

6 36.04 2.47 

8 33.72 2.93 
0.12 1.7 690

0
C 5×10

-3
 90 

10 32.77 3.37 

4 47.74 1.95 

6 47.73 2.56 

8 47.41 3.14 
0.39 1.7 690

0
C 5×10

-3
 90 

10 46.37 3.46 

4 50.20 1.94 

6 50.48 2.49 

8 50.12 3.01 
0.7 1.7 690

0
C 5×10

-3
 90 

10 47.80 3.49 

4 52.31 2.00 

6 53.08 2.62 

8 53.86 3.13 
1.17 1.7 690

0
C 5×10

-3
 90 

10 54.24 3.58 

4 40.41 1.84 

6 38.89 2.35 

8 39.40 2.78 
1.57 1.7 690

0
C 5×10

-3
 90 

10 38.57 3.30 
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3. Chapter 3 

Growth Rate Analysis    

 

 

 

3.1 Introduction 

At first Wagner and Ellis proposed the model of VLS growth in the 1960s [7]. 

The fundamental part of the model is that the impurity forms a liquid alloy with low 

melting point. The gas phase molecules preferably condense on the liquid alloy. 

Microneedle growth occurs because of the precipitation of the growing material from 

the impurity. In the case of Si needle growth from Au particles the Au-Si forms a 

eutectic alloy with a melting temperature of 3630C compared to the individual melting 

temperatures of Au and Si is 10630C and 14120C respectively. However the model was 

for intrinsic type Si microneedle and later it was observed by the researchers that the 

other factors specially impurity affects the growth rate a lot. 

The growth of microneedles by VLS mechanism depends on various factors. 

Generally the growth rate of microneedles depends on the size of the droplet, the gas 

flow rate, temperature and pressure and the characteristic of the doping species in case 

of in situ doped VLS etc [14]-[17]. However in this research work only the effect of 

boron doping level and the droplet size on the growth rate is considered individually 

while considering the other factors constant. 
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3.2 Effect of Boron Doping on microneedle growth rate 

Intrinsic silicon micro needle can be doped by conventional diffusion process at 

11000C after VLS growth but in-situ doping VLS system can grow doped Si 

microneedles at lower temperature at around 7000C. Experimental data shows that the 

incorporation of doping into VLS system changes the properties of the micro needle 

compared to the intrinsic one. The modeling of the growth rate of boron doped silicon 

microneedle grown at low temperature by vapour-liquid-solid (VLS) mechanism is 

reported here. The mathematical model of the growth rate of silicon micro needle 

proposed in this work is supported by the experimental values and a complete 

theoretical analysis is also included.  

3.2.1 Experimental Findings 

  From the Experimental data (Table 3.1) it was found that the growth rate of p-

Si microneedle increases with the doping level (B2H6 flow rate) for a fixed Au dot size. 

But this increment in the growth rate gradually slows down and after certain level of 

doping the growth rate starts to decrease (Figure 3.1) 

 

Table 3.1: Growth rate variation of P-Si microneedle from experimental data with various doping 

level of P-Si microneedle at a temperature of 700
0
C and at the growth pressure of 5×10

-3
 Pa. 

 

B2H6 Flow rate (sccm) Growth rate(nm/min) 

0.12 556 

0.7 576 

1.2 562 

1.57 542 
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Figure 3.1 : Growth rate variation with doping level of P-Si microneedle grown by VLS at 

temperature around 700
0
C. 

3.2.2 Theoretical Analysis 

Since the growth rate at first increases then slows down and at last starts to 

decrease with the increasing B2H6 flow rate, it is predicted that there are two effects 

working behind this nature simultaneously. One effect increases the growth rate and the 

other one decreases the growth rate. The combination of these two first enhance the 

growth as the first one dominates and ultimately the growth rate start to decreases as the 

second cause overpower the first one. From detail study and analysis the following two 

causes are found which work simultaneously (Fig 3.2) and responsible for the nonlinear 

growth of the microneedles: 

 

� Sticking property of Boron.  

� Loss of Au during VLS growth.  

 

 

Figure 3.2 : Two effects of boron doping on the growth rate of boron doped Si microneedle. 

100% Si2H6 flow rate = 1.7 sccm 

Growth temperature = 6900C 

Growth pressure = 5x10-3 Pa 

 Needle Length =55 µm 

 Needle Diameter =2 µm 
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3.2.2.1 Sticking Property of Boron 

The boron has a sticking property as boron is an acceptor atom with three 

valence band electrons and hence to form covalent bond with Si or other atoms, the lack 

of one electron make the potential for bond formation much stronger. It is reported that 

due to this sticking property the growth rate increases linearly with boron doping in Si 

thin-film by chemical vapor deposition (CVD) method [23]. Although the VLS 

mechanism is fundamentally different than CVD method, the sticking effect must also 

be present in boron incorporated VLS system and would be responsible for the growth 

rate increment of silicon microneedle by VLS method. Therefore boron mixed Au-Si 

alloy adsorbs more Si2H6 and hence enhance the growth rate. However the growth rate 

is not linear in VLS method as like that in CVD method because of the second effect 

which is responsible for the decreasing growth rate.  

 

3.2.2.2 Loss of Au during VLS growth.  

The second effect is the loss of Au during VLS growth. Ling Pan et al [14] has 

reported the effect of B2H6 on the microstructure of boron doped silicon nanowires 

(SiNWs) grown by VLS method. It was observed by the group that the structures of 

undoped or lower B2H6   doped SiNWs were different than that of higher B2H6_doped 

SiNWs as in Fig.3.3 (a). In case of higher doping level the nanowire surface roughness 

was higher, the wires were found to be much shorter than expected and there were lack 

of Au tips at the ends. That is, the addition of B2H6 was responsible for the continuous 

loss of Au along the growing SiNWs. It is predicted that the loss of Au occurs through 

the solid defects caused due to the boron doping. The loss of Au was confirmed by 

observing high-resolution TEM image as shown in Fig. 3.3, where the black dots are 

gold which is lost during the VLS growth and in the un-doped part of the needle the 

dots aren’t present. 
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So it is obvious that at higher B2H6 partial pressure i.e. at higher doping level, structural 

defects in the microneedle increases which is ultimately responsible for the loss of Au 

within the microneedle during the growth process. However, with the loss of Au in the 

needle the size of the Au-Si alloy droplet at the top of the needle decreases. As the Au-

Si alloy droplet shrinks, the vapour-liquid interface area also decreases which causes 

less adsorption of Si2H6. Thus the growth rate is decreased with the increase of boron 

doping level. 

3.2.3 Mathematical Modelling 

For the appropriate mathematical modeling of the growth rate, the 

aforementioned two effects must be considered simultaneously. Now the first effect of 

boron doping was linear enhancement in the growth rate [23]. So if we consider only 

the first effect, the growth rate (y) can be expressed as a function of doping level(x) with 

the following equation. 

y a bx= +  

Where,    a = growth rate without doping 

               b = adsorption enhancement coefficient for boron doping      

Figure 3.3 : (a) Bright-field TEM images of the undoped-doped transition area of the same 

nanowire. (b) High-resolution image of the transition area of the nanowire where the darker 

contrast areas are the Au rich reason. [14] 
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      Now the second effect, which is present simultaneously with the previous one and 

responsible for decreasing growth rate, is supposed to be nonlinear. This is because the 

first effect was linear and hence the second effect has to be nonlinear to make the 

combined effect nonlinear which was found from the experimental data. As boron 

doping reduces the size and thus the surface area of the Au-Si droplet, assuming the 

second order dependency, the growth rate can be related to the doping level by the 

following equation, considering the second effect only. 

2y a cx= −  

Where, a = growth rate without doping 

           c = loss coefficient of Au in silicon for boron doping 

Now considering these two effects of boron doping a general mathematical model can 

be established as below. 

2y a bx cx= + −                 3.1 

Where,        a = growth rate without doping 

                  b = adsorption enhancement coefficient for boron doping    

                  c = loss coefficient of Au in silicon for boron   doping 

        These coefficients will be different in different experimental setup but once all the 

settings such as temperature, pressure etc are settled the coefficients will be constant for 

the setup. The coefficients can be found for an experimental setup by experimentally 

collecting one set data first and then by curve fitting for the second order polynomial. 

Thus measuring the coefficients once, the model proposed in this work will be helpful 

to predict the growth rate or length of the boron doped silicon microneedle for various 

doping level. The experimental settings for this model were as below. 

     Growth temperature      = 6900 C. 

     Growth Pressure           = 5×10-3 Pa 
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     100% Si2H6 flow rate    = 1.7sccm. 

The value of the coefficients was found as given below 

       a = 548.75 unit; b = 69.94   unit; c = 47.65   unit 

Fig .3.4 shows the growth rate variation with doping from the model and experimental 

values and table.3.2 shows the data. 

 

Table 3.2: Growth rate variation of P-Si microneedle from experimental data and from the model. 

B2H6 Flow rate 

(sccm) 

Growth rate(nm/min) 

Experimental Data 

Growth rate(nm/min)  

Data from Model 

0.12 556 556 

0.7 576 576.016 

1.2 562 561.931 

1.57 542 542 

 

 

Figure  3.4: Growth rate variation of p-Si microneedle as a function of doping, grown by VLS  at a 

temperature of 690
0
C and at the growth pressure of 5×10

-3
 Pa. 
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3.3 Effect of droplet size on microneedle growth rate 

The diameter of the microneedle is directly related to the size of the droplet and 

it is clear that larger droplet will result micrneedle with larger diameter. Now the 

thickness i.e. the diameter of the microneedle affects the growth rate of the microneedle. 

Givargizov [24] divided the growth process into three main steps. In the first step, Si 

precursor molecules are cracked at the surface of the catalyst droplet and Si is 

incorporated into the droplet. This is the incorporation step, and the rate [atoms/s] by 

which it proceeds is called the incorporation rate. After the incorporation of Si, Si 

diffuses through the droplet surface towards the needle droplet interface. This is the 

diffusion step. In the last step of the process, Si crystallizes at the liquid-solid interface 

and forms the Si wire. This is the crystallization step; proceeding at a rate [atoms/s] 

called the crystallization rate.  Givargizov neglected the diffusion step, arguing that 

diffusion through a microscopic droplet is simply too fast to seriously affect the growth 

velocity and ultimately chose crystallization step as the rate determining step. 

According to his observation he reported that comparatively thicker needles grow faster 

than the thinner needles which were supported by Gibbs-Thomson effect. However, if 

the material transport, diffusion of growth material on the substrate and the needle 

surface is taken into account, then the result would be different [25]. In this work the 

experimental findings of diameter dependency on growth rate is analyzed in the 

following sections of this chapter. 

 3.3.1 Experimental Findings 

Experimental data of the growth-rate of microneedles, having various diameters, 

was observed carefully (Table 3.3).The diameter of the microneedle grown by VLS 

mechanism increases with the liquid catalyst droplets size which is controlled by Au 

dot. For a fixed boron doping level it was observed that the growth rate of the 

microneedles changes with the needle diameter and in most of the cases the growth rate 

of microneedles decreases with the microneedle diameter. The plot of growth rate vs. 

Au dot size for a different set of doping level is shown in Fig 3.5. 
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Table 3.3: Growth rate for different Au dot size. 

B2H6 Flow rate 

0.12 (sccm) 

B2H6 Flow rate 

0.39 (sccm) 

B2H6 Flow rate 

0.7 (sccm) 

B2H6 Flow rate 

1.17 (sccm) 

B2H6 Flow rate 

1.57 (sccm) 

Au Dot 

Diameter 

(µm) 

Growth 

Rate 

(µm/min) 

Au Dot 

Diameter 

(µm) 

Growth 

Rate 

(µm/min) 

Au Dot 

Diameter 

(µm) 

Growth 

Rate 

(µm/min) 

Au Dot 

Diameter 

(µm) 

Growth 

Rate 

(µm/min) 

Au Dot 

Diameter 

(µm) 

Growth 

Rate 

(µm/min) 

4 0.39 4 0.53 4 0.56 4 0.58 4 0.45 

6 0.4 6 0.53 6 0.56 6 0.59 6 0.43 

8 0.37 8 0.527 8 0.56 8 0.6 8 0.44 

10 0.36 10 0.515 10 0.53 10 0.6 10 0.43 

 

 

 

  Figure 3.5 : Growth rate (µm/min) Vs Au dot size (µm) for various B2H6 Flow rate. 

 

B2H6 flow rate 0.12 (sccm) 
B2H6 flow rate 0.39 (sccm) 
B2H6 flow rate 0.7 (sccm) 
B2H6 flow rate 1.57 (sccm) 
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3.3.2.1 Fundamentals of Crystal Growth 

The crystal growth process can be divided into four individual steps; 

� Adsorption 

� Diffusion 

� Incorporation 

� Desorption 

Once adsorbed the adsorbent have the opportunity to diffuse on the surface and reach a 

preferable position to incorporate. If incorporation isn’t possible within a certain time 

they get desorbed. The steps are discussed in the following section 

� Adsorption 

The first step of crystal growth is adsorption. The adsorbent material is often 

introduced as vapor or as a beam. The amount of material that will stick to the surface 

depends on the property of the adsorbent and the surface. In VLS mechanism the liquid 

droplet works like a trap and hence the adsorbent prefers to stick to the droplet and 

hence the growth rate is enhanced. The curvature of the droplet plays an important role 

on the adsorption knows as Gibbs-Thomson effect which is discussed later. 

� Diffusion 

 After adsorption the adsorbent is called monomer or adatom and it can diffuse 

on the surface for a suitable position to incorporate. The diffusion process is totally 

random. Diffusion plays an important role in the VLS growth of microneedle. The 

adatom can diffuse on the substrate surface for a certain amount of time and then either 

desorption or incorporation can take place. 

� Desorption 

 A diffusing monomer always has a probability to get evaporated i.e. 

desorbed from the surface. The rate of desorption depends on the temperature, pressure, 
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the surface structure and the monomer characteristics. The desorption rate affects the 

growth rate in VLS growth method. 

� Incorporation 

The most important part of crystal growth. Diffusion helps the monomers to find 

a suitable place to make a bond and thus to incorporate to the lattice. The monomer 

lowers its energy by making bond to the lattice. 

3.3.2.2 Gibbs-Thomson Effect  

 The Gibbs-Thomson effect can be most easily understood by considering a 

small spherical droplet or particle. The chemical potential µ is the energetic price per 

atom one has to pay for adding another atom of the same species to the system. For 

small systems having high surface-to-volume ratios, the influence of the surface on the 

thermodynamics cannot be neglected. It is evident that increasing the number of atoms 

(N) must necessarily be accompanied by an increase of the surface area and that one has 

to pay the energetic price for that surface increase as well. When a liquid surface has a 

curvature the equilibrium vapor pressure increases due to the Gibbs-Thomson effect. 

The curvature affects the amount of adsorbent which is taken by the droplet. The 

equation expressing the effect is as follows: 

-        3.2 

Where, ∆µd is the gain of chemical potential. 

∆µ∞   is the gain of chemical potential for a flat surface. 

α is vapor-liquid interface energy 

υ is the volume of adsorbent atom. 

d is the diameter of the droplet. 
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Here, the driving force for the crystal growth is ∆µd , which is called supersaturation and 

defined as the difference in chemical potential between vapor phase and the 

solid(liquid). The larger the difference in chemical potential (∆µd), the greater is the 

tendency of phase change from vapor to liquid. Now from the equation it can be said 

that small diameter decreases the driving forces (∆µd) and hence the microneedle 

growth rate is lower. Similarly for larger diameter ∆µd is larger and hence growth rate is 

higher. Givargizov also reported such kind of growth characteristics [24]. However, this 

explanation isn’t appropriate in all cases as it deals with only pure intrinsic 

microneedles and if other impurity is introduced i.e. group III/V materials the different 

behavior might be obtained.[25]. The following section will reveal the fact. 

3.3.2.3 Diffusion Effect  

 J. Johansson et al [25] presented a mass transport model based on surface 

diffusion for nanowire growth and observed that for group III/V materials thinner 

nanowires are longer than thicker ones (Figure. 3.6).  

 

Figure 3.6 : Scanning electron micrographs of GaP nanowires grown with MOVPE at different 

temperatures: (A) 440 °C, (B) 470 °C, and (C) 500°C [25]. 
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They also demonstrated that Gibbs-Thomson effect can be neglected in such case. 

According to the model there is steady-state adatom diffusion on the substrate and 

nanowire side towards the metal and the growth rate depends on the following three 

factors: 

1. The diffusion of material directly deposited on the nanowire side. 

2. The adatom diffusion from the substrate surface up along the nanowire. 

3. The material directly deposited on the droplet. 

The growth rate equation of the mass transport model is as bellows 

2 (1 )w

w

dL
R

dt r

λ
= +                   3.3 

Where, L is the length of the nanowire. 

R is the deposition rate on the nanowire side and on the droplet. 

           λw represents the diffusion length along the side of the nanowire.  

           rw   represents the radius of the nanowire. 

The equation is valid for L >> λw. From the above equation it is clear that the growth 

rate for needles with larger diameter are lower than the needles with smaller diameters. 

 

Figure 3.7: Contribution of diffusion in needle growth 

Gas Material 
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3.3.3 Combining the Gibbs-Thomson effect and Diffusion effect 

 The observation of the experimental microneedles grown by in situ doped VLS 

method shows that in most of the cases the growth rate of thicker microneedles is lower 

(Figure.3.5). The phenomenon is explained in this section using both the Gibbs-

Thomson effect and Diffusion effect. To incorporate Gibbs Thomson effect the shape of 

the droplet i.e. the diameter and the contact angle need to be examined first. Fig.3.7 

shows a close view of a experimentally grown boron doped Si microneedle. It is evident  

 

 

Figure 3.8: experimentally grown boron doped Si microneedle 

that there is a diameter expansion at the base where it is attached to the substrate. 

Givargizov concluded that the “conical expansion at the whisker root is evidently 

related to a change of the contact angle configuration” [24]. Now it is obvious that the 

droplet has to undergo some sort of transition in the initial phase of growth, and it is the 

change of the droplet shape. The Figure3.9 shows the phenomenon.  
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Figure 3.9 : Top: Scanning electron micrographs indicating the development of the droplet shape in 

the initial phase of growth [26]. Center: Schematic development of droplet and wire shape in the 

initial phase of growth.. Bottom: the corresponding equilibrium balance of surface forces at the left 

edge of the droplet (dashed circles). 

 

Now, the amount of silicon which is taken by the droplet is proportional to the vapor-

droplet interface area and hence the vapor liquid interface area is needed to be derived 

as a function of contact angle to find out the growth rate. The Au-Si droplets on top of 

needles are much more spherical, typically exhibiting contact angle of 90-120° [27]. 

Figure 3.10 shows such spherical droplet with a contact angle β>900 and radius “r” on a 

needle with radius “r0”, which will be used for the derivation. 

 



36 

 

 

Figure 3.10: (a) Au-si alloy droplet on Si microneedle (β>90
0
) (b) spherical coordinate system. 

The total area of a sphere from spherical coordinate system by integration is as follows: 

2π π
2 2

0 0
A= r sinθdθd 4 rϕ π=∫ ∫             3.4 

The derivation below is done in case of contact angle β>900 by spherical coordinate 

system. Area of the Alloy droplet (Vapor Liquid interface area)  

= Avl   

2π-(2π-2β) π
2

0 0

 2β

2

0

2β

2

0

2

2

0

2

= r sinθdθd

=r [-cosθ]dφ

=2r dφ

=4βr

4βr

sin

ϕ

β
=

∫ ∫

∫

∫                                                                        

0
sinr r β=Q  

(a) (b) 

3.5 
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Again, the amount of Si which is deposited on the liquid solid interface is proportional 

to that area, which is, 

 Als = πr0
2 

Now if we neglect the contribution of the diffusion effect on the growth rate, the growth 

rate is proportional to the supersaturation ∆µd, vapor liquid interface area Avl  and 

inversely proportional to the liquid solid interface area Als. 

So the growth rate 

2

0

2

2

0

4βr
( )
sin

r

dµ
β

π

∆

∞

       3.6

 

Or, growth rate 
2

4 β
( )( )

sin

v

d

α
µ

β
∞∞ ∆ −     , where -  

Since for the range of the variation of droplet volume in our investigation is very small, 

so the change of β with volume may be considered as constant. Then from the above 

expression it can be said that growth rate will increase if the needle diameter increases 

i.e. needles will larger diameter grow faster. 

However, if the diffusion of growth material on the needle surface is considered, the 

result will be different. If the areal density of Si adatoms diffusing toward the catalyst 

droplet is taken to be constant, then the amount of Si per unit time reaching the droplet 

is proportional to the circumference of the needle (2πr0). Moreover, at a given Si supply 

rate, the growth rate has to be inversely proportional to the needle cross-sectional area 

(πr0
2). Combining both, it becomes immediately clear that the growth rate should be 

inversely proportional to the needle diameter.  

Hence, the growth rate considering only diffusion effect 0

2

0

2 r
( )

r

π

π
∞  
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Or, growth rate 
0

1
( )
 r

∞

            3.7

 

Now considering the both reason, i.e. the direct adsorption into the droplet and diffusion 

the VLS growth rate equation becomes as follows: 

Growth rate 1 22

4 β 2
( )( )

sin

v
k k

d d

α
µ

β
∞= ∆ − +

           
0

2

d
r =Q

                                     3.8

 

Where, k1 and k2 is constant.
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4. Chapter 4 

� Diameter Analysis    

 

4.1 Introduction 

  As explained earlier that the first stage of VLS method is the formation of the 

droplet which starts the growth process. It is obvious that the diameter of the 

microneedle depends on the size of the droplet more specifically on the liquid-solid 

interface area. Hence to analyze the diameter it is important to understand the behavior 

of the droplet and a theory of liquid droplet on solid surface is discussed in this chapter. 

Again it was also observed in this work from the experimental data that the doping of 

boron makes the diameter unstable which is also analyzed later. 

4.2 Effect of Au dot size on microneedle diameter 

  In the experiment cylindrical Au dot of certain Au film thickness and different 

diameters were used to form microneedles having various diameters. It is evident that 

larger Au dot will form larger droplet and ultimately microneedles with larger diameter. 
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A theoretical relation between the Au dot size and the microneedle diameter is derived 

in this work which is compared with the experimental findings. 

4.2.1 Experimental Findings 

Experimental data shows that if the Au dot diameter is increased keeping the Au 

film thickness constant, for a fixed doping level the microneedle diameter also 

increases. The results for different doping level are depicted in Figure 4.1(a) and (b). 
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Figure 4.1: Experimental results on Microneedle diameter as a function of Au dot size for B2H6 

flow rate (a) 0.12 sccm (b) 0.39 sccm . 

          B2H6 flow rate 0.12 (sccm) 

B2H6 flow rate 0.12 (sccm) 
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The graph above shows that the relationship between microneedle diameter and the Au 

dot diameter is increasing but not liner. The corresponding data is given in table 4.1. 

Table 4.1: Microneedle diameter for different Au dot size. 

B2H6 Flow rate 

0.12 (sccm) 

B2H6 Flow rate 

0.39 (sccm) 

B2H6 Flow rate 

0.7 (sccm) 

B2H6 Flow rate 

1.17 (sccm) 

B2H6 Flow rate 

1.57 (sccm) 
Au Dot 

Diameter 

(µm) 

Needle 

Diameter 

(µm) 

Au Dot 

Diameter 

(µm) 

Needle 

Diameter 

(µm) 

Au Dot 

Diameter 

(µm) 

Needle 

Diameter 

(µm) 

Au Dot 

Diameter 

(µm) 

Needle 

Diameter 

(µm) 

Au Dot 

Diameter 

(µm) 

Needle 

Diameter 

(µm) 

4 1.65 4 1.95 4 1.94 4 2 4 1.84 

6 2.47 6 2.56 6 2.49 6 2.62 6 2.35 

8 2.93 8 3.14 8 3.01 8 3.13 8 2.78 

10 3.37 10 3.46 10 3.49 10 3.58 10 3.3 

4.2.2 Theoretical Analysis 

The shape of the Au dot is like a cylinder as described in the fabrication process 

in section 2.3.1. Au-Si alloy forms when the Au dot is heated on the Si surface at 

temperature higher than the eutectic temperature. The alloying process is explained in 

detail in section 2.2.3.1. The percent of Silicon mix with the gold depends on the 

temperature and the percent can be measured from Au-Si binary phase diagram 

(Fig.2.3). So it can be said that the volume of the Au-Si droplet is proportional to the Au 

dot volume. From this relation the relation between the Au dot diameter and the 

microneedle diameter can be found. 

4.2.3 Mathematical Relation 

To derive the relation the following assumption is considered 

� The Au dot is cylindrical in shape. 

� Radial transverse growth of microneedle diameter due to Vapor Solid 

(VS) mechanism is negligible. 

� The microneedle diameter is constant during the growth process( 

Neglecting the effect of Au loss). 

The contact angle of the droplet on the top of the microneedle is greater than 900 which 

is shown in the section 3.3.3 and to find out the volume of the droplet we will use the 
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Figure.3.10 and the equation of the liquid vapor interface area Avl as derived in section 

3.3.3 of Chapter 3 of the book. Thus the volume of spherical droplet with a contact 

angle β>900 and radius “r” on a needle with radius “r0” can be derived is as bellows: 

Volume of the Alloy droplet V Au-Si =   

0

2

0

3

3

0

3

( )

4

4

3

4

3

sin

r

r

A r dr

r dr

r

r

β

β

β

β

=

=

=

=

∫

∫
                                                                            

Now, the volume of a cylindrical Au dot with diameter “x” and height h is 

VAu=π(x/2)2h. 

Now, as the volume of the Au-Si droplet is proportional to the Au dot volume 

3

0
2

3

4

3 ( )
sin 2

r
x

h

β
π

β
∞  

If the contact angle ‘β’ and Au dot height ‘h’ is constant, the relation will be 

      3 2

0d x∞                                Where, d0=2r0 is the diameter of the needle. 

Or, 
2

3
0d x∞  

Or, 
2

3
0d kx=                             where, k is a constant.    4.2 

0 sinr r β=Q  4.1 
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Now, if we draw the curve from the above relation for an arbitrary value of k=0.75 the 

relationship almost matches the experimental findings (Figure.4.1). 

 

Figure 4.2 : Theoretical relation between Microneedle diameter and Au dot diameter. 

4.3 Effect of doping on microneedle diameter 

It is already reported that boron doping has a severe affect on the growth rate of the 

microneedle[12] and here the effect of doping on microneedle diameter will be analyzed 

based on the experimental findings. The incorporation of Boron must have an effect on 

the surface roughness and the sticking property of Boron enhances Si adsorption (sec 

3.2.2.1). These will ultimately change the property and shape of the Au-Si alloy droplet 

and thus affect the diameter of the microneedle. 

4.3.1 Experimental Findings 

         Experimental result shows that for a certain Au dot size if the doping level is 

increased the diameter of the microneedle deviates about 0.2µm-0.3 µm and seems to 
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have a periodic relation with the doping. The graph and corresponding data table is 

given below. 

Table 4.2: Experimental data for microneedle diameter for different doping level. 

Au Dot Diameter 

(4 µm) 

Au Dot Diameter 

(6 µm) 

Au Dot Diameter   

(8 µm) 

Au Dot Diameter 

(10 µm) 

B2H6 

Flow 

rate 

(sccm) 

Needle 

Diameter 

(µm) 

B2H6 

Flow 

rate 

(sccm) 

Needle 

Diameter 

(µm) 

B2H6 

Flow 

rate 

(sccm) 

Needle 

Diameter 

(µm) 

B2H6 

Flow 

rate 

(sccm) 

Needle 

Diameter 

(µm) 

0.12 1.65 0.12 2.47 0.12 2.93 0.12 3.37 

0.39 1.95 0.39 2.56 0.39 3.14 0.39 3.46 

0.7 1.94 0.7 2.49 0.7 3.01 0.7 3.49 

1.17 2 1.17 2.62 1.17 3.13 1.17 3.58 

1.57 1.84 1.57 2.35 1.57 2.78 1.57 3.3 

 

 

 

Figure 4.3: Microneedle diameter Vs doping level. 

B2H6 Flow rate (sccm) 
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4.3.2 Theoretical Analysis 

The diameter of the microneedle is determined by the liquid solid interface area 

and hence it is important to find out the initial spreading of Au-Si alloy droplet on the 

substrate. Au-Si alloy droplets on flat Si substrates and at temperatures of 400-650 °C 

show a contact angle (defined here as the angle within the liquid) of about ≈ 43° [28]. 

As the experiment in this work was done at 7000C we can assume the initial contact 

angle of the alloy (inside) β<900. B. Ressel et al also reported such result of contact 

angle which is shown in Figure 4.4[18]. This low value of contact angle indicates a 

strong liquid–solid interaction and means that the liquid droplet tends to spread on the 

solid substrate. 

 

 

Figure 4.4 : Contact angle (measured in the gas phase) as a function of temperature.[18]  

 

Microneedle

Alloy 
Droplet

ß

Wetting 

Angle
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T. Young was the first to describe contact angle equilibrium. The vector summation of 

forces at the three-phase intersection point gives the Young’s equation. 

cosSV SL LVγ γ γ β= +
          4.3

 

Where, γ    is the surface tension (or surface free energy). 

SVγ  is the interfacial tensions, between solid and vapor. 

SLγ  is the interfacial tensions, between solid and Liquid. 

LVγ  is the interfacial tensions, between liquid and vapor. 

The figure of a droplet at equilibrium is shown in figure 4.5. Now the surface roughness 

depends on the mole fraction of Si in the droplet. [18]. If the mole fraction increases the  

 

          Figure 4.5: Vectorial equilibrium for a droplet of a liquid resting on a solid. 

β 
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surface roughness also increases. The roughness of the liquid-solid interface affects the   

interface tension at the liquid-solid interface and the vapor-solid interface. Again if the 

surface of a substrate is rough, then the actual surface area is greater than the plane(flat) 

surface area and therefore for a given droplet volume, the total liquid–solid interaction 

is greater on the rough surface than on a flat surface. If the smooth material gives a 

contact angle greater than 90°, the presence of surface roughness increases this angle 

still further, but if β is less than 90°, the increase in surface roughness decreases the 

angle which is the case of Au-Si droplet. If the surface roughness ‘rw’ is combined with 

Young’s equation the expression of contact angle can be written as bellows.[29] 

    

'cos ( )SV SL
w

LV

r
γ γ

β
γ

−
=

         4.4

 

The periodic change in the microneedle diameter as a function of doping level now can 

be explained considering both positive and negative effect. 

 First, let’s consider the positive effect: If the doping level is increased due to the 

sticking property of Boron (discussed in section 3.2.2.1) mole fraction of Si in the 

droplet increases, the surface roughness increases, contact angle decreases (Equation 

4.4) i.e. the droplet spreads more on the substrate and ultimately the diameter increases. 

Now let us look at the negative effect: If the doping level is increased, the gold 

loss in the substrate increases [14], mole fraction of Si in the droplet decreases, surface 

roughness decreases, contact angle increases i.e. the droplet spreads less on the 

substrate and ultimately the diameter decreases. Diameter also decreases if the volume 

of the droplet decreases due to gold loss. 

When the positive effect is superior to the negative one, the droplet will expand. On the 

other hand if the negative effect dominates the diameter will shrink. 

 



50 

 

 

 

 

                                           CHAPTER 5 

           

Metal-Semiconductor 

Junction Theory 

 

 

 

 

 

 



51 

 

5. Chapter 5 

Metal-Semiconductor Junction Theory    

 

 

5.1 Introduction 

Metal-semiconductor contacts have been known to have rectifying properties 

since 1874.  The theory of metal-semiconductor contacts is attributed to Schottky 

(1938). Today, specially manufactured Schottky diodes are often used in rectification 

since they have a smaller forward voltage drop than p-n junction rectifiers. The shottky-

barrier diode is formed by a metal contact (anode) to a semiconductor (the cathode), 

instead of the more common junction between p-type and n-type semiconductors. 

Shottky diodes differ from pn-junction devices in that rectification occurs because of 

differ in work function between the metal contact and the semiconductor, rather a 

nonuniform doping profile. Conduction is not controlled by minority carrier 

recombination in the semiconductor, but by thermionic emission of majority carriers 

over the barrier created by the unequal work functions. The Schottky diode is, therefore, 

a majority carrier device whose switching speed is not limited by minority carrier 

effects. There is also the problem of making metallic contacts to semiconductors, where 

a rectifying action is not wanted.  The Schottky theory also permits the identification of 

the conditions necessary for the preparation for ohmic (as opposed to rectifying) metal 

contacts on semiconductors. 
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5.2 Metal-Semiconductor Junction 

When the metal and semiconductor are in equilibrium and are not in contact, the 

energy levels are constant throughout the materials (Figure.5.1). The Fermi levels are 

generally unequal, indicating that the electrons in one material (in this case the metal) 

have less energy, on the average, than these in the semiconductor. Therefore, when the 

materials are joined, some of the electrons in the semiconductor move spontaneously 

into the metal and collect on the surface (Figure.5.2). These leave behind ionized donor 

locations, which are positively charged, and create a negative surface charge where they 

collect on the surface of the metal. An electric field is set up between these positive 

charges in n-semiconductor and the electrons in metal. The direction of the field would 

be form n-semiconductor to metal that eventually inhibit further electron flow into the 

metal. The positively charged region is called a depletion region, since it is almost 

completely depleted of mobile electrons. The shape of the energy diagram of the metal-

semiconductor junction is governed by the following three rules: 

 

� In equilibrium, the Fermi levels for the semiconductor and metal must be 

constant throughout the system; 

� The electron affinity must be constant; 

� The free-space energy level must be continuous. 

 

However, the barrier which is formed in the interface is responsible for controlling the 

current flow. The band diagram in case of metal and n-type semiconductor before and 

after contact is shown in the following figures. 
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Band Diagram (before contact) 

 

Figure 5.1: Band diagram of metal and n-type semiconductor before contact 

Where,                                                                                                                                   

φm - work function of metal 

φs - work function of semiconductor 

If φm > φs (as drawn), electrons flow from semiconductor to metal. 

 

Band diagram (after contact) 

 

Figure 5.2: Band diagram of metal and n-type semiconductor after contact 

x 
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5.3 Ideal case of Barrier height 

For a metal, the energy required to remove an electron into the “vacuum” is 

given by the work function φm and the equivalent measure for the semiconductor is the 

electron affinity χs.   

 

Figure 5.3: Electronic energy relations of a high work-function metal and an n-type semiconductor 

Figure 5.3(a) shows the electronic energy relations of a high work-function metal and 

an n-type semiconductor which are not in contact and are in separate systems. If the two 

are allowed to contact with each other, charge will flow from the semiconductor to the 

metal and equilibrium is established as a single system. The Fermi levels on both sides 

will line up. Relative to the Fermi level in the metal, the Fermi level in the 

semiconductor is lowered by an amount equal to the difference between the two work 

functions. As mentioned earlier the work function is denoted by φm for the metal, and is 

equal to q(χs + φn) for the semiconductor, where qχs is the electron affinity measured 

from the bottom of the conduction band Ec, to the vacuum level, and qφn is the energy 

difference between EC, and the Fermi level. The potential difference between the two 

work functions φm - (χs + φn) is called the contact potential. From figure 5.3(b) it is clear 

that the barrier height is simply the difference between the metal work function and the 

electron affinity of the semiconductor. For an ideal contact between a metal and a n-

type semiconductor, the barrier height qφBno is given by qφBno = q(φm – χs) and for a p-

type semiconductor, the barrier height qφBpo is given by qφBpo = Eg - q(φm – χs) . 

(a) (b) 



55 

 

5.4 Junction Under Biasing  

Figure 5.4 shows Energy-band diagrams of metal on n-type (left) and on p-type (right) 

semiconductors under different biasing conditions. In case of a metal-n type 

semiconductor junction, a forward bias consists of making the metal positive and the 

semiconductor negative, which lowers the barrier.  

 

Figure 5.4: Energy-band diagrams of metal on n-type (left) and on p-type (right) semiconductors 

under different biasing conditions. (a) Thermal equilibrium. (b) Forward bias. (c) Reverse bias.[30] 

 

This increases the electron current injected from the semiconductor into the metal. 

Reverse bias raises the barrier and decreases the injected electron current. In case of 

metal-p type semiconductor junction, a forward bias consists of making the metal 
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negative and the semiconductor positive and in that case holes are attracted to the 

interface. This results in reduced depletion region and barrier and a large net current. 

Conversely reverse bias causes increased depletion region and barrier height which 

results about zero net current.   

5.5 Current Transport Method 

Discussion of the current through the junction is however very different from the 

bipolar junction. Figure 5.5 shows five fundamental transport processes under forward 

bias.  

 

Figure 5.5:Five fundamental transport processes under forward bias. (1) Thermionic emission. (2) 

Tunneling. (3) Recombination. (4) Diffusion of electrons. (5) Diffusion of holes.[30]. 

The five basic current transport processes are: 

1. Emission of electrons from the semiconductor over the potential barrier into the 

metal.  

2. Quantum mechanical tunneling of electrons through the barrier. 

3. Recombination in the space-charge region.  

4. Diffusion of electrons in the depletion region. 

5. Holes injected from the metal that diffuse into the semiconductor. 
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The first one is the dominant process for Schottky diodes with moderately doped 

semiconductors. The second process tunneling is important for heavily doped 

semiconductors and responsible for most ohmic contacts. In addition, edge leakage 

current may occur due to a high electric field at the metal-contact periphery or interface 

current due to traps at the metal-semiconductor interface. The main contribution to the 

current through the junction is caused by electrons thermally overcoming or tunneling 

through the barrier. Thermionic emission is the most important contribution to the 

device current under moderate electric fields and hence the thermionic emission theory 

will be discussed in detail in the following section of this chapter. 

5.6 Thermionic emission theory 

Thermionic emission across a metal-semiconductor junction is similar to thermionic 

emission from a metal into the vacuum, except that the appropriate electron density 

functions and electric field values are used. The theory was given by Bethe which is 

derived from the following assumptions:  

� The barrier height qφBn is much larger than kT.  

� Thermal equilibrium is established at the plane that determines emission, and 

� The existence of a net current flow does not affect this equilibrium. 

The case for a Schottky junction is considered here. The current density across such a 

barrier from semiconductor to metal s mJ →  is given by the number of electrons with 

energies sufficient to overcome the barrier. 
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Fn Bn

s m x
E q

J qv dn
φ

∞

→
+

= ∫
      5.1 

     
 

Where, vx is the velocity of the electrons in the direction of the transport, and Fn Bn
E qφ+  

is the minimum energy for thermionic emission into the metal. Now the electron density 

is given by 

dn N E F E dE= ( ) ( )        5.2  

Where, N (E) being the density of states and F(E) the Fermi-Dirac distribution function. 

Using the usual approximations for F(E) and N(E): 

 
( )

( )

3/ 2
*

1/ 2

3

4 2 C nE E q

kT
C

m
dn E E e dE

h

φπ − +

= −
    5.3

 

Now, if we further assume that all the energy of the conduction-band electrons is kinetic 

energy, then 

 

( ) * 21
2

*

*

2

C

C

E E m v

dE m vdv

m
E E v

− =

=

− =

                                                                                5.4
 

Where, v is the total electron velocity (v2
=vx

2
+ vy

2
+vz

2) 

Substituting Eqs.5.4 into Eq.5.3 gives, 

  

( )
23 **

222 4
nqm v

kT kT
m

dn e e v dv
h

φ

π
− − 

≈  
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                 5.5 
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Using the standard transformation 4πv
2
dv=dvx dvydvz,, and letting vox be the velocity 

corresponding to just overcoming the barrier, 

22 2

2

3 ** **

2 2 2

** 2
2 2

3

2

4

yn x z

ox

n ox

m vq m v m v

kT kT kT kT
s m x x y z

v

q m v

kT kT

m
J q e v e dv e dv e dv

h

qm k
T e e

h

φ

φπ

− − − −∞ ∞ ∞

→
−∞ −∞

− −

 
=  

 

 
=  
 

∫ ∫ ∫

  

      

 

Now, vox be the minimum velocity in the x-direction to just overcoming the barrier and 

is given by, 

* 21
2

( )ox bim v q Vψ= −
                 5.7 

Where, biψ  is the bulk in potential and V is the biasing voltage. Substituting Eq. 5.7 in 

Eq.5.6 yields  

* 2
Bnq qV

kT kT
s m

J A T e e

φ
−

→ =
                                    5.8 

Here,
* 2

*

3

4 qm k
A

h

π 
=  
 

, which is known as Richardson constant for thermionic 

emission. Now, the total current density is: 

s m m sJ J J→ →= −
                                  5.9

 

 

Where, m sJ →  is the reverse current flow that is largely unaffected by the applied 

potential and hence it must be equal to the current flowing from the semiconductor into 

the metal when thermal equilibrium prevails at V=0, since it follows that:  

5.6 
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 * 2( 0)
Bnq

kT
m s s m

J J V J A T e

φ
−

→ →= = = =
                 5.10

   

 

Substituting, the Eq. 5.10 and Eq. 5.8 into Eq. 5.9 the total current density can be found 

 

* 2 1
Bnq qV

kT kTJ A T e e

φ
−  

= − 
 

       5.11  

We therefore have a law similar to that for the p-n junction diode: 

 1
qV

kT
TE

J J e
 

= − 
                               5.12

       

 

Where, * 2
Bnq

kT
TE

J A T e

φ
−

=  

The advantage of Schottky diodes over p-n junction diodes in circuit applications stem 

from their higher speed (no minority carriers) and lower forward voltage drop (small 

barrier height).  On the other hand they suffer from low reverse breakdown voltages and 

greater temperature sensitivity of leakage currents. 
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6. Chapter 6 

I-V Characteristic Analysis    

 

 

6.1 Introduction 

I-V characteristic of Boron doped p-type Si microneedles, grown by in situ 

doped VLS mechanism was observed. It was found that the incorporation of doping 

reduces the resistivity of the needles and shows nonlinear I-V characteristic. 

Mathematical model of the I-V characteristic is proposed in this chapter which is 

supported by the experimental values and simulation results. This model will be useful 

while applying needle as a sensor required for certain application.  

6.2 Experimental Findings 

The Current-voltage (I-V) characteristic of boron doped p-Si microneedle was 

measured by using one contact with tungsten (W) microneedle at the tip of the p-Si 

microneedle and the other contact at the base of the microneedle. For the appropriate 

placing of the W-needle at the p-Si needle a micromanipulator system was used. Fig.6.1 

shows a typical J-V characteristic of a microneedle with a length of 38.57 µm and a 

diameter of 3.30 µm grown by VLS method at of 6900C and at the growth pressure of 

5×10-3 Pa for a B2H6 flow rate of 1.57 sccm and SiO2 flow rate of 1.7 sccm. The table 

6.1 shows the experimental data.  
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Figure6.1:  J-V characteristics curve of p-Si microneedle with a length of 38.57   µm and a diameter 

of 3.30 µm for a B2H6 flow rate of 1.57 sccm. 

Table 6.1 : J-V characteristics Data of p-Si microneedle with a length of 38.57   µm and a diameter 

of 3.30 µm for a B2H6 flow rate of 1.57 sccm. 

Reversed 
Bias VR (Volt) 

Current 
Density J ( 

A/µm2) 

Forward Bias 
VF (Volt) 

Current 
Density 

J   ( A/µm2) 
-2 -0.19825 0.1 1.8E-05 

-1.9 -0.19825 0.2 0.01951 

-1.8 -0.17655 0.3 0.06748 

-1.7 -0.15705 0.4 0.12938 

-1.6 -0.13854 0.5 0.19646 

-1.5 -0.12221 0.6 0.26672 

-1.4 -0.10709 0.7 0.33639 

-1.3 -0.09315 0.8 0.40804 

-1.2 -0.08061 0.9 0.47771 

-1.1 -0.06927 1 0.54936 

-1 -0.05912 1.1 0.61903 

-0.9 -0.05056 1.2 0.68869 

-0.8 -0.0426 1.3 0.75836 

-0.7 -0.03563 1.4 0.82404 

-0.6 -0.02946 1.5 0.89371 

-0.5 -0.02428 1.6 0.96139 

-0.4 -0.01915 1.7 1.02707 

-0.3 -0.01499 1.8 1.09475 

-0.2 -0.01135 1.9 1.16242 

-0.1 -0.00806 

 

2 1.22412 
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6.3 J-V Analysis 

The microneedles were expected to be conductive in both directions. But the 

Current-voltage (I-V) characteristic of boron doped silicon microneedles was found 

nonlinear and exhibits rectifying nature (Fig.6.1). The reason behind this rectifying 

nature is the gold which remains at the top of the needle (Fig .6.2) after the growth. The 

Au-Si contact at the top of the needle isn’t  ohmic and the I-V characteristic indicates 

the presence of Schottky barrier at the top hence metal- semiconductor contact 

characteristics need to be understood to reveal the fact. 

 

 

Figure 6.2: SEM image of p-Si microneedle array grown by in situ doped VLS [13]. 

 

6.3.1 metal-p-type semiconductor contact 

If the metal-semiconductor contact is ohmic, charge carriers can flow in either 

direction without any barrier at the interface.  However, actually a potential barrier is 

always found at the junction. At first Schottky and Mott modeled the barrier formation. 
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The barrier is mainly due to the difference in the work function of the metal and 

semiconductor.  

  In ideal case when gold is brought into contact with the p-type semiconductor, 

electrons flow from the metal into the empty states in the valence band and hence the 

bands curve upwards as the chemical potential comes into equilibrium with the metal 

Fermi level. At equilibrium a region depleted of holes and a potential barrier for holes is 

formed. The junction is forward biased if the metal is connected to the negative terminal 

and the holes are attracted towards the interface due to forward biasing (Fig.6.1). In the 

forward biased condition both the depletion region and the potential barrier is reduced 

and a large net current flows. In the reversed biased condition i.e. when the metal is 

connected to the positive terminal the holes are repelled from the interface. The result is 

increased depletion region and potential barrier and the net current flow is ideally zero. 

 

 

Figure 6.3: Band diagram of Metal-p-Si junction under biased condition. 
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6.3.2 Simulation Result 

A needle shaped boron doped p-Si microneedle with gold at the top as a cathode 

was simulated for J-V analysis. The length and diameter of the needle was 38.57 um 

and 3.30 um respectively. The work function of the Au was chosen 5.1 for simulation. 

At room temperature (300k) with uniformly Boron dopped needle with doping 

concentration of 3.5×1018 cm-3 shows almost same J-V characteristics as found 

experimentally (Fig.6.1). The J-V characteristics curve from simulation is shown in 

Fig.6.4. The simulation was done for an ideal schottky barrier diode and the doping was 

chosen to be uniform for simulation.  

 

Figure 6.4 : J-V characteristics curve of p-Si microneedle from the Atlas simulator. 
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6.3.3 J-V Equation 

      It is obvious that the J-V characteristics, found from the VLS grown boron doped 

microneedles, indicates towards the fact that the rectifying characteristics is due to the 

presence of a Schottky barrier at the top. The current transport in Schottky barrier diode 

is due to mainly majority carrier. The in-situ doped VLS grown microneedles are highly 

conductive and seems to be highly doped as we compared with simulation model. 

Hence the current transport process is considered to be dominated by quantum 

mechanical tunneling, thermionic emission process. Tunneling dominates at higher 

doping and lower temperature. Considering thermionic emission and tunneling, the J-V 

relationship is given by Sze [30]. 
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Where, J0  is the saturation current density. φB= (φBo-∆φo) is the effective barrier height 

at zero bias. A* is the effective Richardson constant given by A*= (4πm*qk
3/H3). The 

value of A* is independent of temperature (Crowell and Sze, 1966) [21]. The effective 

barrier height at zero bias is given by 
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Where Ad is the Schottky contact area, Io is the saturation current at zero bias.  The 

ideality factor η given by 
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For V > 3kT/q, 

( )
dV

Jd

q

kT ln1
=

η  .                                                      6.5 

In the reverse direction the J-V relation is as below 

0** 2
( / 4 )
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B m s

R

q q
J A T
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φ ξ πε −
≈ − 

 
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                6.6 

 

Where,  **A  is the modified Richardson constant considering the impact of electron 

emission and tunneling; 
m

ξ is the maximum electric field at metal-semiconductor 

interface and sε is the semiconductor permittivity. As no diffused guard ring was 

introduced during fabrication the sharp edge effect must be present and hence the 

dominant reverse current is due to the edge leakage. The reverse current must have 

additional component due to contamination in Au–Si contact as will be discussed later. 

Due to quantum-mechanical effect some electron from gold penetrates into the silicon 

energy band and results in a static dipole layer at the Au-Si interface. This dipole layer 

is responsible for varying barrier height slightly with the field in the reverse bias. The 

static voltage lowering is expressed as below 

static mφ αξ∆ ≈                            6.7 

 

6.3.4 Comparison between Experimental and Simulation Result 

From the comparison between the simulated and experimental results it is seen 

that there is some difference between them as shown in Fig.6.5. 
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Figure 6.5 : J-V Comparison between the simulated and experimental data  

 

Table 6.2: Table comparing Experimental and Simulated data for J-V characteristic. 

Bias Voltage Experimental Data Simulated Data 

Volt J (A/µm
2
) 

-4 -0.01075 -0.01 

-3 -0.00746 -0.008 

-2 -0.00436 -0.0055 

-1 -0.0016 -0.003 

0 0 0 

1 0.00373 0.00425 

2 0.00828 0.00875 

3 0.01305 0.01375 

4 0.01806 0.01875 

 

This is because for the simulation the needle was assumed uniformly doped. However, 

in fact the boron may not be uniformly distributed in the VLS grown needles. Again the 

Current-voltage (I-V) characteristic of boron doped p-Si microneedle was measured by 
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using tungsten (W) microneedles and hence contact resistance must be present there. It 

was reported earlier by Ling Pan et al [14] that due to boron doping some gold is lost 

from the needle tip and mix into the needle during the VLS growth mechanism. Thus 

the gold at the top is contaminated by Si and gold is also present in the needles. These 

contaminations must affect the barrier height. The simulation shows that slight 

deviation in metal work function changes the J-V characteristics particularly in the 

reverse biased zone (Fig.6.6), the effect is rigorous.  

 

Figure 6.6: Effect of changing work function on J-V characteristics 

 

6.5 Reasons for Deviations from the Ideal Case 

Real Schottky diodes do not always follow the expressions or equations. Deviations 

from ideal behavior arise from imperfections in fabrication or factors. A few of the 

major factors are given below. 
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6.5.1. Schottky Barrier Lowering 

In ideal case Schottky barrier height remains constant under all conditions of 

applied voltage. However, practically the barrier height varies with applied voltage 

because conduction electrons experience a force from their image charges in the metal. 

This force attracts the electrons toward the metal surface, effectively lowering the 

barrier, and allowing voltage-dependent deviations from ideal behavior.  

6.5.2. Surface Imperfections 

The semiconductor surface must be extremely clean in order to realize I/V 

characteristics approximately the ideal. However, in spite of scrupulous care in 

fabrication, the junction experiences at least a small amount of contamination due to 

impurities. The deposition of the junction metal may also damage the crystal structure 

of the surface. 

6.5.3. Tunneling 

Thermal emission is not only mechanism by which electrons can cross the 

potential barrier at the junction. Quantum mechanical tunneling through the barrier is 

also possible, and may have a significant effect on I/V characteristic at low 

temperatures and high doping densities.  

6.5.4. Series Resistance 

Schottky junctions generally require lightly doped semiconductors with 

relatively high bulk resistivities. A lightly doped substrate would not be practical for 

diode fabrication because it would result in high series resistance and poor ohmic 

cathode contacts.  

6.5.5 Edge Effects 

Practical diodes are formed with a small anode on a large semiconductor 

surface, so the fringing electric field near the edge of the metal anode is greater than 

that in the center. The current density is, therefore, greatest at the edge of the junction, 

and may be relatively low at the center. 
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7. Chapter 7 

Conclusion and Future Works 

7.1 Conclusion 

A lot of research work has already been done on Vapor Liquid Solid growth of 

silicon wires or needles, on the synthesis of the wires itself, as well as on their 

properties. Recently, more specifically for the last decade research into semiconductor 

whiskers with nanoscale dimensions have become an extremely active field. This can be 

seen from the vast number of papers (Figure 6.1) published on nanowires over the past 

two decades, which has increased exponentially, with most of the activity and 

development happening in the last ten years. 

 

Figure 7.1: Increase in the number of publications on nanowire related topics from year 1991-2009 

(Source, ISI; keyword, nanowires). 
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However, the interest of the researchers in this field exposes the importance of such 

semiconductor devices. Nevertheless, a number of open questions still remain to be 

answered. This thesis work has successfully focused on such mystery related to physical 

and electrical properties of Boron doped Si microneedle grown by in situ doped VLS 

method.  

The growth rate and Diameter model and theoretical analysis in this thesis will 

be very helpful to anticipate the size of such Boron doped microneedles and hence to 

fabricate microneedles of desired length and width for certain applications.  

Moreover, the electrical property of the microneedles and the I-V characteristics 

is analyzed in chapter 6. The boron doped silicon microneedles grown by VLS 

mechanism with J-V characteristics like schottky diode can be very useful for a sensor. 

Therefore, it is vital to obtain a better understanding of the basic electrical properties of 

the metal-semiconductor interface of the microneedles so that technologies for 

preparing ideal Schottky contacts at the top of the microneedle can be developed for 

various applications. The Si micro needles have greater mechanical strength than those 

of Si nanowires and hence suitable for using as inserting needle to collect small neural 

signal. Doped Silicon micro needles are more conductive and hence appropriate to 

collect small signals from living cells. However as doping changes the J-V 

characteristics of micro needles in VLS mechanism, the complete electrical analysis 

supported by simulation in this thesis will be very helpful to grow needles of desired 

characteristics. The detail analysis of the electrical properties of boron doped Si 

microneedles in this thesis work will also be helpful to improve the J-V characteristics 

in future while fabricating vertical devices like diodes, transistors with Si microneedles. 

7.2 Scope of future research work: 

Silicon is utilized in a variety of new commercial products because of its well-

established electronic properties but its excellent mechanical property is also used to a 

great extent. In addition, recent trends in the engineering literature indicate a growing 

interest in the use of silicon as a mechanical material with the ultimate goal of 
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developing sensors and transducers. Hence, The Si microneedles have a great prospect 

to be used as pressure sensors. Some researchers have measured the elastic modulus and 

hardness of boron-doped silicon material using nano indenter and reported that elastic 

modulus and hardness of heavy boron-doped silicon material is higher than the silicon 

material [30]. Therefore, Detail study of the mechanical characteristics of such 

microneedles is required and there is a huge scope of research in this field. 

Optical properties of Si microneedles are already reported by some researchers 

for use in silicon solar cell applications [32]-[33]. So, it is evident that microneedles can 

also be realized as photo sensor or photo cell and there is a scope to study the optical 

properties of such microneedles. 

 The radial growth dynamics of microneedle due to the vapor solid (VS) process 

while it grows along its axial direction due to vapor liquid solid (VLS) process was 

beyond the scope of this thesis work. The experimental result shows that the needles are 

tapered with a certain slope. Although the slope may be generally very small, it still 

does exist. The radial growth makes it difficult to grow needles with a uniform radius. 

Therefore detail study and modeling of the radial growth is utmost important. 

Here in this thesis work the effect of changing temperature on the growth rate 

isn’t considered. So, this work also can be extended considering the effect of 

temperature. 

 The analysis of electrical properties of boron doped Si microneedles reveals the 

rectifying nature of the I-V relation which is because of Schottky barrier at the top of 

the microneedle. By fabricating boron doped silicon microneedles with diffused guard 

ring more improved needle shaped Schottky diode can be fabricated with less sharp 

edge effect. Hence there is a scope here to improve the I-V characteristic by modifying 

the fabrication process.  
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