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ABSTRACT 

The work presented in this thesis establishes scientific understanding of the vapor 

liquid solid (VLS) mode of growth for the synthesis of wide band gap semiconductor 

nanostructures. The focus of the thesis was to understand the physical mechanisms 

responsible for rates of the growth and self doping as functions of catalyst’s surface tension 

and liquid solid interface. The effect of different droplet densities and radii of metal catalysts 

were studied on the ultimate morphologies of ZnS nanostructures. Different metal catalysts 

have different accommodation coefficients, diffusion coefficients and different bonding 

energies with the host lattice. These directly affected the growth rate and the site of dopant, 

i.e., either in the bulk or on the surface. This concept was employed to demonstrate the 

growth rate for Sn, Au and Mn catalyzed ZnS nanostructures. It has also been justified 

theoretically and experimentally that suitable choice of the catalyst was very important for 

the growth of nanostructures towards device fabrication.  

The optical properties of the doped nanomaterials make them an interesting category 

of material for optoelectronic applications. Optical properties of self doped Au, Mn and Sn 

catalyzed ZnS nanostructures grown with varied thicknesses of catalysts were studied. 

Photoluminescence spectroscopy results of ZnS nanostructures showed the activation of all 

major types of defects and their dependence on catalysts, i.e., Zn and S vacancies and 

interstitials, catalyst related defects.  Surface optical phonons were observed in Raman 

spectra were due to symmetry breaking at the surface. Raman spectra for each type of 

catalysts showed variation in the surface potential modulation created as a result of self 

doping of the catalyst on the surface. Dielectric continuum (DC) model was used to 

calculate the wavelength of surface potential modulations. The calculated modulation 

wavelength for symmetry breaking for the tapered nanobelts was in good agreement with the 

experimentally observed in TEM analysis. 

Morphology plays a crucial role in the physical properties of materials, e.g., optical, 

electrical, field emission (FE) and sensing. Different approaches were used to synthesize 

ZnS tapered and In2O3 pyramidal beaded nanowires. Possible growth mechanism for the 

beaded nanowires was discussed in detail and explained with the help of visualization of 



xi 

 

electrical and structural analysis (VESTA) software. Finally, the FE measurements of the 

tapered ZnS nanostructures and beaded In2O3 nanowires were undertaken. These FE results 

were compared with other published FE results by different groups and found comparably 

good FE properties.   

 



xxviii 

 

List of Abbreviations 

 

AFM  Atomic Force Microscope  

SEM  Scanning Electron Microscopy 

XRD  X-ray Diffractometer  

TEM  Transmission Electron Microscopy 

XPS  X-ray photoelectron spectroscopy  

PL  Photoluminescence  

Ne  Total number density of electrons 

Nh  Total number density of holes 

σLS  Surface free energy of liquid-solid interfaces. 

σVS   Surface free energy of Vapor-solid interfaces. 

σVL   Surface free energy of Vapor-liquid interfaces. 

ΔG   Gibbs free energy 

Ω   Volume of the unit cell 

σ
c 
  Effective chemical tension 

η    Supersaturation ratio 

FE  Field-emission  

FN  Fowler–Nordheim  

J   Current density,  

β   Field-enhancement factor,  



xxix 

 

E  Applied field  

ϕ   Work function of the emitting materials 

ρ  Charge distribution,  

ϵo  Permittivity of the free space,  

ϵr  Dielectric constant of the semiconductor 

Nc   Effective densities of the states for the conduction 

Nv   Effective densities of the states for the valence bands 



152 

 

Publications 
 

 
1. Muhammad Hafeez, Tianyou Zhai, Arshad S. Bhatti, Yoshio Bando, Dmitri Golberg 

“Oxygen vacancy driven modulations in In2O3 pyramidal beaded nanowires”. Crystal 

Growth Design, 2012, 12 (10), 4935–4943. 

DOI: 10.1021/cg300870y 

 

 

2. Muhammad Hafeez, Tianyou Zhai, Arshad S. Bhatti, Yoshio Bando, Dmitri Golberg 

“Enhanced Field-Emission and Optical Properties of Controlled Tapered ZnS 

Nanostructures”. Journal of Physical Chemistry C, 2012, 116, 8297-8304. 

DOI: 10.1021/jp3010635 

 

 

3. M. Hafeez, U. Manzoor, A. S. Bhatti, M. B. Kaynar, S. I. Shah, “Catalyst Solubility and 

Self Doping in  ZnS nanostructures”. Journal of Applied Physics, 2012, 111, 024313.  

DOI:10.1063/1.3677950 

 

 

4. S. Rehman, M. Hafeez, U. Manzoor, M. A. Khan and A.S.Bhatti. “Competitive role of 

Mn diffusion with growth in Mn catalyzed nanostructures” Journal of Applied Physics, 

2012, 111, 084301.   

DOI:10.1063/1.3702881 

 

 

5. M. Hafeez, U. Manzoor, A. S. Bhatti “Morphology Tuned ZnS nanostructures for 

Hydrogen Sensor”. Journal of Material Science: Materials for Electronics, 2011, 22, 

1772. 

DOI:10.1007/s10854-011-0361-6 

 

 

6. M. Hafeez, U. Manzoor, A. S. Bhatti. “Synthesis of ZnS nanostructures for Gas Sensors 

and Effect of Growth Conditions” Compound Semiconductor Photonics, Conference 

Proceedings of “ICMAT &IUMRS-ICA 2009” Singapore, page 139. 

 

 

7. M. A. Shehzad, M. Hafeez, S. Rehman and A. S. Bhatti. “Tuned synthesis of novel 3D 

ZnO mesoscopic crystals using buffer layer assisted grown catalysts”.  

Under review in Crystal Engineering and Communication. 

 



153 

 

8. M. Hafeez, S. Rehman, U. Manzoor,  M. A. Khan and A. S. Bhatti “Catalyst signature in 

the optical properties of self – assembled ZnS nanostructures”  

Ready to submit in Physical Chemistry and Chemical Physics. 

 

 

9. S. Rehman, M. Hafeez, and A. S. Bhatti “Essential role of catalyst in the VLS growth 

kinematics: a thermodynamic approach”. Ready to submit in Applied Physics Letters. 
 

 

 

 

 

 

CONFERENCE PRESENTATIONS AND PARTICIPATIONS: 

 
 

1. The 6th Vacuum and Surface Sciences Conference of  

Asia and Australia (VASSCAA-6), Islamabad, Pakistan 

“The role of oxygen vacancies in the growth and characteristics 

 of In2O3 pyramidal beaded nanowires”.     9-13 Oct, 2012 

 

2. International Workshop On Clean room Training For Critical  

And Sustainable Technologies, Unam, Bilkent University,  

Ankara, Turkey.        25 June- 08 July 2012 

 

3. The MANA International Symposium 2012, Tsukuba, Japan.  

“Enhanced Field-Emission and Optical Properties  

of Controlled Tapered ZnS Nanostructures”    29 Feb-02 Mar 2012 

 

4. 36
th

 International Nathiagali Summer College on Physics.  

 Pakistan.  

 “Catalyst Solubility and Self Doping in  ZnS nanostructures” 04-08 July, 2011 

  

5. Workshop on Advanced Oxide Interfaces: The Abdus Salam  

International Center for theoretical Physics (ICTP) Trieste, Italy 09-12 May 2011 

 

6. International Scientific Spring (ISS): National Center for Physics 

(NCP) Islamabad, Pakistan.      01-04 Mar 2011 

 

7. 12
th

 Symposium on Frontiers in Physics     

Govt College University, Lahore, Pakistan. 

“Catalyst driven modulations in the morphological optical and  

structural properties of ZnS nanostructures”.     20-22 Feb 2011 



154 

 

8. Workshop on Computational Modeling of Materials:                        

Application of Density Functional Theory 

National Centre for Physics (NCP) Islamabad, Pakistan.  28-31 Dec 2010 

 

9. 35th International Nathiagali Summer College on                              

Physics (INSC-2010). Nathiagali, Pakistan. 

Topic: “ZnS quantum structures and their sensing Applications”. 28-04 Jun, 2010. 

 

 

10. International Workshop on Application of                                          

Nanotechnology (WANT-2010) National Center for Physics 

(NCP), Islamabad, Pakistan.        01-04 May, 2010. 

 

11. International Symposium on Advance Materials                                 

National Center for Physics (NCP), Islamabad, Pakistan. 

“Effect of Buffer layer of Zn on the growth of ZnS nanowires” 08-12 Aug, 2009. 

 

12. 1st BICMAPE-CIIT Science Conference,                                            

Abbot Abad, Pakistan.        28-30 July, 2009. 

 

13. International Conference on Materials For                                           

Advanced Technologies (ICMAT) &IUMRS-ICA.  

Singapore.    

“Synthesis of ZnS nanostructures for Gas Sensors and  

Effect of Growth Conditions”      28-04 June, 2009. 

 

14. Pakistan Institute Physics (PIP) International                                      

Conference. Lahore, Pakistan.  

“Temperature dependant growth of ZnS (II-VI) nanostructures” 21-25 Feb, 2009. 

 

 

15. 11
th

 National symposium on Frontiers in Physics.                               

Lahore, Pakistan.  

“Synthesis and characterization of ZnS (II-VI) nanowires”   29-31 Jan, 2009. 

 

 

Achievements: 
 

 

 2
nd

 best poster award in 35
th

 International Nathiagali Summer College on                              

Physics (INSC-2010) 28 June-04 July 2010, Nathiagali, Pakistan.  

 

 3
rd

 best poster award in 6
th

 Vacuum and Surface Sciences Conference of Asia and 

Australia (VASSCAA-6) October 9-13, 2012 Islamabad. 

 



xxvii 
 

List of Tables 

 

Table 3.1: Detail of all samples used in the study of interfaces in present work………… 49 

 

Table 6.1:Comparison of key FE parameters for ZnS nanowires and nanorods found in the 

literature with the present results for tapered nanowires. 

…………………………………………………….…………………………..121 

 

Table 7.1: Comparison of the key FE parameters of standard In2O3 and other FE materials 

found in the literature with the present In2O3 pyramidal beaded nanowires FE 

performance........................................................................................................143 

 

 

 



i 
 

Table of Contents 

Chapter 1 .................................................................................................................................. 1 

Introduction .............................................................................................................................. 1 

1.1. Fundamentals of low dimensional semiconductors: ........................................................ 1 

1.2. Wide-band gap semiconductors: ...................................................................................... 2 

1.3. Synthesis of semiconductor nanostructures: (Bottom up approach) ................................ 3 

1.4. Properties of wide band gap semiconductors: .................................................................. 3 

1.4.1. Field emission properties: ................................................................................ 3 

1.4.2. Optical properties: ............................................................................................ 5 

1.5. Thesis objective and overview: ........................................................................................ 7 

1.6. Summary: ......................................................................................................................... 9 

1.7. References: ....................................................................................................................... 9 

 

Chapter 2 ................................................................................................................................ 10 

Synthesis, optical properties and field emission in 1-D nanostructures ................................ 10 

2.1. Synthesis approaches: ..................................................................................................... 11 

2.1.1. Top-down approach: ...................................................................................... 11 

2.1.2. Bottom-up approach: ..................................................................................... 12 

2.1.2a. Vapor-Liquid-Solid (VLS) mechanism: ......................................... 12 

2.1.2b. Vapor-Solid (VS) mechanism: ........................................................ 14 

2.2. Kinetics of the VLS Growth: .......................................................................................... 15 

2.3. Doping methods in vapor phase growth: ........................................................................ 22 

2.4. Optical Properties: .......................................................................................................... 23 

2.4.1. Raman spectroscopy: ..................................................................................... 23 



ii 
 

2.4.1a. Lattice vibrations and phonon dispersion: ...................................... 25 

2.4.1b. Dielectric continuum model for cylindrical cross section nanowires:

 27 

2.4.1c. Dielectric continuum model for rectangular cross section nanowires:

 29 

2.4.2. Photoluminescence spectroscopy: ................................................................. 31 

2.5. Field emission characteristics: ........................................................................................ 33 

2.5.1. Fowler and Nordheim tunneling: ................................................................... 34 

2.5.2. Field emission from the semiconductors: ...................................................... 35 

2.5.3. Two region field emission (TRFE) model: .................................................... 38 

2.5.4. Fillip’s model for the screening effect: .......................................................... 40 

2.6. Summary: ....................................................................................................................... 41 

2.7. References: ..................................................................................................................... 42 

 

Chapter 3 ................................................................................................................................ 44 

Growth and Characterization techniques ............................................................................... 44 

3.1. Catalyst deposition and synthesis experiment: .............................................. 44 

3.2. Detail of samples: .......................................................................................... 46 

3.3. Introduction to characterization tools: ........................................................... 47 

3.3.1. Atomic Force Microscope (AFM): ................................................. 47 

3.3.2. Scanning Electron Microscopy: ...................................................... 47 

3.3.3. X-ray Diffractometer (XRD): ......................................................... 48 

3.3.4. Transmission Electron microscopy: ................................................ 48 

3.3.5. X-ray photoelectron spectroscopy (XPS): ...................................... 48 

3.3.6. Raman Spectroscopy:...................................................................... 49 

3.3.7. Photoluminescence spectroscopy: .................................................. 49 



iii 
 

3.3.8. Field emission measurements system: ............................................ 49 

3.4. Summary: ....................................................................................................... 50 

 

Chapter 4 ................................................................................................................................ 52 

Catalyst solubility and self doping ......................................................................................... 52 

4.1. Self doping model in VLS growth: ................................................................................ 52 

4.2. Synthesis of ZnS nanostructures: ................................................................................... 54 

4.3. Results and discussion: ................................................................................................... 55 

4.3.1. Au catalyst morphology: ................................................................................ 55 

4.3.2. ZnS nanostructures morphology: ................................................................... 56 

4.3.3. Solubility of catalyst: ..................................................................................... 58 

4.3.4. Phase analysis: ............................................................................................... 59 

4.3.5. Elemental analysis by XPS: ........................................................................... 61 

4.3.6. Thermodynamical modeling: ......................................................................... 63 

4.3.7. Location of self dopant: ................................................................................. 63 

4.4. Tapered ZnS nanostructures: .......................................................................................... 65 

4.4.1. Experimental section:..................................................................................... 66 

4.4.2. Flow dynamics: .............................................................................................. 67 

4.4.3. Growth of tapered nanobelts: ......................................................................... 68 

4.4.4. Growth of tapered nanowires: ........................................................................ 70 

4.5. Summary: ....................................................................................................................... 72 

4.6. References: ..................................................................................................................... 72 

 

Chapter 5 ................................................................................................................................ 74 

Essential role of a catalyst in VLS growth............................................................................. 74 



iv 
 

5.1 Introduction: ................................................................................................................... 74 

5.2 Catalyst deposition and synthesis of ZnS nanostructures: ............................................. 75 

5.3 Results and discussion: ................................................................................................... 76 

5.3.1. Surface morphology of catalyst droplets: ...................................................... 76 

5.3.2. Morphological study of ZnS nanostructures: ................................................. 76 

5.3.3. Effect of catalyst surface tension on thermodynamics: ................................. 77 

5.3.4. Structure and composition: ............................................................................ 84 

5.3.5. Thermodynamical modeling: ......................................................................... 86 

5.3.6. Self doping of catalysts: ................................................................................. 87 

5.4 Summary: ....................................................................................................................... 89 

5.5 References: ..................................................................................................................... 89 

 

Chapter 6 ................................................................................................................................ 91 

Optical and field emission properties of ZnS nanostructures ................................................ 91 

6.1. Introduction: ................................................................................................................... 91 

6.1.1. Optical properties: .......................................................................................... 91 

6.1.2. Field emission properties: .............................................................................. 92 

6.2. Experimental details: ...................................................................................................... 92 

6.3. Catalyst signature in optical properties: ......................................................................... 93 

6.3.1. Photoluminescence spectroscopy: ................................................................. 93 

6.3.1a. Au catalyzed ZnS nanostructures: .................................................. 93 

6.3.1b. Mn catalyzed ZnS nanostructures: .................................................. 95 

6.3.1c. Comparison of Mn, Au and Sn catalyzed ZnS nanostructures: ...... 98 

6.3.2. Raman spectroscopy: ................................................................................... 101 

6.3.2a. Mn catalyzed ZnS nanostructures: ................................................ 101 



v 
 

6.3.2b. Au catalyzed ZnS nanostructures: ................................................ 105 

6.3.2c. Comparison of Mn, Au and Sn catalyzed ZnS nanostructures: .... 108 

6.4. Optical properties of tapered ZnS nanostructures: ....................................................... 111 

6.4.1. Raman Spectroscopy of tapered ZnS nanobelts: ......................................... 111 

6.4.2. PL spectroscopy of tapered ZnS nanostructrures: ....................................... 112 

6.5. Field emission characteristics: ...................................................................................... 113 

6.5.1. Comparison of field emission from tapered- nanowires and -nanobelts: .... 113 

6.5.2. Field emission measurements of tapered nanowires:................................... 114 

6.5.3. Field enhancement region and absolute amplification factor: ..................... 117 

6.5.4. Comparison with the existing results: .......................................................... 118 

6.5.5. Field emission stability: ............................................................................... 119 

6.6. Summary: ..................................................................................................................... 120 

6.7. References: ................................................................................................................... 120 

 

Chapter 7 .............................................................................................................................. 122 

In2O3 pyramidal beaded nanowires ...................................................................................... 122 

7.1. Introduction: ................................................................................................................. 122 

7.2. Experimental section: ................................................................................................... 123 

7.3. Results and discussions: ............................................................................................... 123 

7.3.1. Morphology: ................................................................................................ 123 

7.3.2. Structure and composition of In2O3 nanowires: ........................................... 125 

7.3.3. Growth model: ............................................................................................. 128 

7.4. Optical properties of beaded nanowires: ...................................................................... 131 

7.4.1. Raman spectroscopy: ................................................................................... 131 

7.4.2. PL spectroscopy: .......................................................................................... 134 



vi 
 

7.5. Field emission properties of beaded nanowires: .......................................................... 135 

7.5.1. Field emission measurements: ..................................................................... 135 

7.5.2. Screening effects: ......................................................................................... 138 

7.5.3. Field enhancement region and absolute amplification factor: ..................... 140 

7.5.4. Comparison with the reported results: ......................................................... 141 

7.6. Summary: ..................................................................................................................... 142 

7.7. References: ................................................................................................................... 142 

 

Chapter 8 .............................................................................................................................. 145 

Conclusion and future work ................................................................................................. 145 

8.1. Conclusions: ................................................................................................................. 145 

8.2. Future work: ................................................................................................................. 147 

 

 

 

 

 

 

 

 

 

 

 

 

List of Figures 
 



vii 
 

 

Figure 1.1:    Density of the states for bulk, 2D, 1D and 0D nanostructures. ......................... 2 

 

Figure 1.2:  (a) A schematic illustration of field emission phenomenon, showing the 

emission that occurs from the tip of an emitter. (b) The emitters can have 

different tip geometry such as, (i) round tip (ii) blunt tip, and (iii) conical tip. 4 

 

Figure1.3:    shows the emission centers due to the different defects states. ......................... 6 

 

Figure 2.1:    Schematics illustration of the VLS mode of growth. ...................................... 13 

 

Figure 2.2:   In situ TEM images recorded during the process of nanowire growth. [2] ..... 14 

 

Figure 2.3:  Schematics of VS growth mechanism, (a) impinging of vapors, (b) formation 

of Seed, (c) formation of nanowires. ............................................................... 14 

 

Figure 2.4:  Schematic of the Au-Si alloy droplet with first ZnS layer on substrate. ......... 15 

 

Figure 2.5:   ZnS nanostructures grown using different carrier gas flow rate at 850 
o
C 

growth temperature, (a) 20 Sccm and (b) 2 Sccm. .......................................... 17 

 

Figure 2.6:  ZnS nanostructures were grown using different substrate temperature with 20 

Sccm carrier gas flow rate, (a) T = 850 
o
C (b) T = 460 

o
C.............................. 18 

 

Figure 2.7:  Diameter and supersaturation dependent growth rate of ZnS nanowires. ....... 21 

 

Figure 2.8:  An inelastic light scattering process. The straight arrows represent the photon 

and curly arrows represent the phonons. ω and Ω are the frequencies of photon 

and phonon. K and q represents the photon and phonon wave vector. ........... 24 

 

Figure 2.9:  Shows the schematics of arising of acoustic mode and optical modes in the 

diatomic semiconductor. ................................................................................ 25 

 



viii 
 

Figure 2.10:  Dispersion curves for optical and acoustical modes. ..................................... 26 

 

Figure 2.11.  Dispersion curves for longitudinal and transverse optical and acoustic modes.

 26 

 

Figure 2.12:  Calculated effects of shape of nanowires on the SO phonon dispersion in GaP 

nanowires. Results for square cross-section and cylindrical cross-section GaP 

nanowires. The two horizontal lines represent the bulk LO and TO 

frequencies. .................................................................................................... 31 

 

Figure 2.13:   Schematic of the process occurring during photoluminescence in a direct gap 

semiconductor after excitation at frequency νL (a) the electrons relax at the 

bottom of C.B. and holes relax to the top of V.B. by phonon emission before 

recombining by emitting photon. (b) Density of states and band occupancies 

for the electrons and holes after optical excitation. ....................................... 32 

 

Figure 2.14: Schematics of field emission from the material: a potential difference is 

applied between a nanotube (or an assembly of nanotubes) and a counter 

electrode. ........................................................................................................ 33 

 

Figure 2.15:  Fitting of experimental data to the FN theory, (■) represents the experimental 

data and (solid line) represents the linear fit using FN relation. .................... 34 

 

Figure 2.16:   Variation in the surface potential as a function of depth for intrinsic Si under 

the field of 1 V/nm at 300 K [34]. ................................................................. 37 

 

Figure 2.17.   Dependence of the band bending maximum on the band gap Eg corresponding 

to the field of 1 V/nm at 300 K [34]. ............................................................. 38 

 

Figure 2.18:   Schematic diagram about the field distribution in the vacuum gap. Near the 

anode plate, the electric field is almost uniform, while near the nanostructures 

surface, the field is dramatically enhanced because of the sharp ends of 

nanostructures. ............................................................................................... 39 

 

Figure 3.1:     Experimental setup for the growth of nanostructures. ................................... 45 

 



ix 
 

Figure 3.2:     Mapping of the furnace when heated at 1120 
o
C by K-Type thermocouple. 45 

 

Figure 4.1:    3D AFM images of three different thicknesses of the catalysts annealed at 

850 
o
C; (a) 0.5 nm Au (b) 1 nm Au (c) 30 nm Au. ........................................ 55 

 

Figure 4.2:    SEM images of ZnS nanostructures grown at 850 
o
C (a) nanobelts grown 

with 0.5 nm Au as catalyst (b) nanobelts grown with 1 nm Au as catalyst (c) 

nanobelts grown with 30 nm Au as catalyst. ................................................. 56 

 

Figure 4.3:     A comparison of the surface diffusion between (a) 0.5 nm and (b) 30 nm Au 

as a catalyst. ................................................................................................... 57 

 

Figure 4.4:   Plot of the Au solubility in ZnS nanowire as a function of radius of the Au 

droplet, inset shows low magnification SEM image of the nanobelts grown 

with 30 nm thick catalyst layer. ..................................................................... 58 

 

Figure 4.5:     X-ray diffraction (XRD) patterns of three distinct nanostructures with (a) 0.5 

nm Au, (b) 1 nm Au (c) 30 nm Au catalyst synthesized at 850 
o
C. ............... 59 

 

Figure 4.6:     Plot of oxygen and gold XPS peaks emerging from (a) 0.5 nm, (b) 1 nm and 

(c) 30 nm Au thick catalyzed ZnS nanostructures. ........................................ 61 

 

Figure 4.7:     (a) Plot of calculated Gibbs free energies on adding an Au impurity atom in 

ZnS bulk and surface atoms (solid lines) for wurtzite and zinc blende phases 

of ZnS. The solid points represent the calculated Gibbs free energy for 

blended ZnS nanostructure with both phases as determined from XRD. ...... 64 

 

Figure 4.8:     Experimental setup for two growth experiments. .......................................... 66 

Figure 4.9:    (a) Low-magnification FESEM image and (b & c) high-magnification FESEM 

images of tapered nanobelts synthesized in first experiment. ......................... 68 

 

Figure 4.10:  (a) TEM (b) HRTEM images of tapered nanobelts. The inset in the HRTEM 

image displays the selected area electron diffraction (SAED) patterns from the 

respective regions. ........................................................................................... 69 

 



x 
 

Figure 4.11: (a) The energy dispersive X-ray spectrum of a single nanobelt. (b) XRD 

pattern of tapered ZnS nanobelts. .................................................................. 69 

 

Figure 4.12: (a) Low-magnification FESEM image and (b & c) high-magnification 

FESEM images of tapered nanowires synthesized in second experiment. .... 70 

 

Figure 4.13:   (a) TEM (b) HRTEM images of tapered nanowires. The inset in the HRTEM  

image displays the selected area electron diffraction (SAED) patterns. ........ 71 

 

Figure 4.14: (a) The energy dispersive X-ray spectrum at the tip of a single tapered     

nanowire, (b) TEM image with corresponding region................................... 71 

 

Figure 5.1:   AFM images of 1nm (a) Mn (b) Au and (c) Sn coated Si substrates annealed 

at 850
o
C. ......................................................................................................... 76 

 

Figure 5.2:  SEM images of (a) Mn catalyzed ZnS nanobelts (b) Au catalyzed ZnS 

nanobelts (c) Sn catalyzed ZnS nanowires. ................................................... 77 

 

Figure 5.3:     Diffusion activation energy (left) and diffusion coefficient (right) of Zn and S 

verses surface energy in Mn, Au and Sn droplet. .......................................... 78 

 

Figure 5.4:    Characteristic time at which the supersaturation reached the steady state at 

the LS interface as a function of surface energy. ........................................... 80 

 

Figure 5.5:  Growth rate of ZnS nanostructures catalyzed by Mn, Au and Sn as a function 

of inverse of temperature. .............................................................................. 81 

Figure 5.6:  The crystallization rate of Mn, Au and Sn catalyzed ZnS nanostructures as a 

function of surface energy. ............................................................................ 82 

 

Figure 5.7:   Growth rates of Mn, Au and Sn catalyzed ZnS nanostructures as a function of 

surface energy of the catalyst droplets. .......................................................... 83 

 

Figure 5.8.  X-ray diffraction (XRD) patterns of three distinct ZnS nanostructures 

catalyzed with 1nm (a) Mn, (b) Au (c) Sn, and synthesized at 850 
o
C. ......... 84 



xi 
 

 

Figure 5.9:   High resolutions XPS plots of Mn, Au and Sn emerging from 1 nm (a) Mn, 

(b) Au and (c) Sn, catalyzed ZnS nanostructures. ......................................... 85 

 

Figure 5.10: Plots of the catalyst solubility in ZnS nanowire as a function of radius of the 

catalyst droplet for three catalysts, Mn, Au and Sn. ...................................... 87 

 

Figure 5.11:  Plot of calculated Gibbs free energies on adding an Au, Sn and Mn impurity 

atom in ZnS bulk and surface atoms (solid lines). Arrows show the crossover 

between the surface and bulk doping sites took place at different ratios of 

bulk to surface atoms of ZnS. ........................................................................ 88 

 

Figure 6.1:   Normalized room temperature PL spectra of Au catalyzed ZnS nanostructures 

with Au thicknesses of (a) 0.5 nm, (b) 1.0 nm and (c) 30.0 nm. The figure 

also shows the fits of the PL spectra. ............................................................. 93 

 

Figure 6.2:  Variation of the contributed intensities as a function of size of Au catalyst. 94 

 

Figure 6.3:  Room temperature PL spectra of ZnS nanostructures catalyzed by Mn having 

different thicknesses (a) 1.0 nm, (b) 0.5 nm and (c) 0.2 nm. ......................... 96 

 

Figure 6.4:  Variation of the percentage contribution of intrinsic (Zn, S) related and Mn 

related defects as a function Mn catalyst thicknesses. ................................... 97 

 

Figure 6.5:   Room temperature normalized PL spectra obtained from 1 nm (a) Mn, (b) 

Au, and (c) Sn catalyzed ZnS nanostructures. The PL spectra also show the 

convoluted spectra to determine the contributions of different source to the 

PL spectrum. .................................................................................................. 98 

 

Figure 6.6:   The variation of integrated intensities at three distinct energies, 

corresponding to S vacancies (430 nm), Zn vacancies (530 nm) and catalyst 

related defects (600 nm)................................................................................. 99 

 



xii 
 

Figure 6.7:  Room temperature Raman spectra of ZnS nanostructures catalyzed by Mn 

with different thicknesses, 1.0 nm (bottom), 0.5 nm (middle) and 0.2 nm 

(top). ............................................................................................................. 101 

 

Figure 6.8:   Raman spectra of LO and SO modes of ZnS nanostructures catalyzed by Mn 

with different thicknesses, 1.0 nm (bottom), 0.5 nm (middle) and 0.2 nm 

(top). ............................................................................................................. 102 

 

Figure 6.9:   Plot of symmetric and anti-symmetric SO phonon modes for Mn catalyzed 

ZnS nanostructures with different thicknesses of catalyst. The horizontal lines 

show the observed phonon modes. The arrows on the horizontal axis show 

the length of the coordination vector. .......................................................... 104 

 

Figure 6.10: Room temperature Raman spectra (a) 0.5 nm, (b) 1.0 nm and (c) 30.0 nm Au 

catalyzed ZnS nanostructures. ..................................................................... 105 

 

Figure 6.11:   Raman spectra of LO and SO modes of (a) 0.5 nm, (b) 1.0 nm and (c) 30.0 

nm Au catalyzed ZnS nanostructures. ......................................................... 106 

 

Figure 6.12:  Plot of symmetric and anti-symmetric SO phonon modes for 0.5 nm, 1.0 nm 

and 30.0 nm Au catalyzed ZnS nanostructures. The horizontal lines show the 

observed phonon modes. The arrows on the horizontal axis show the length 

of the coordination vector. ........................................................................... 107 

Figure 6.13:  Room temperature Raman spectra of 1 nm (a) Sn, (b) Mn, and (c) Au 

catalyzed ZnS nanowires. ............................................................................ 108 

 

Figure 6.14:  Raman spectra of LO and SO modes of ZnS nanowires catalyzed by 1nm (a) 

Au, (b) Mn and (c) Sn. ................................................................................. 109 

 

Figure 6.15:   Dispersion curves of the symmetric and anti-symmetric SO phonon modes 

for Au, Mn, and Sn catalyzed ZnS nanostructures. The horizontal lines show 

the experimentally observed SO phonon modes. The arrows on the horizontal 

axis show the length of the coordination vector corresponding to energy 

intersecting dispersion curves. ..................................................................... 110 

 



xiii 
 

Figure 6.16:  (a) Raman spectrum of tapered ZnS nanobelts, (b) Gaussian peak fittings on 

the twin peak of TO phonons,(c) LO and  SO phonons. .............................. 111 

 

Figure 6.17:  (a) SO phonon dispersion curves calculated using Eq. 6.2 & 6.3 for tapered 

nanobelts for symmetric modes (S) and asymmetric (AS). (b) TEM images of 

a ZnS nanobelt showing the surface modulation along the wire axis indicated 

by the arrows; an average distance between arrows is ~92 nm. (c) HRTEM 

image displaying that the surface roughness is of about several atomic layers.

 112 

 

Figure 6.18:   (a) Micro PL spectra of tapered ZnS nanobelts and tapered nanowires. (b & c) 

Corresponding Gaussian peak fittings of the spectra. .................................. 113 

 

Figure 6.19: F-E plots of ZnS tapered nanostructures with a gap of 100 µm between the 

anode and the sample, (●) nanowires, and (■) nanobelts. ........................... 114 

 

Figure 6.20:  F-N plot of ZnS tapered nanowires at a distance of 100 µm gap between the 

anode and sample. Solid line is the semi-log F-N plot at a distance for a gap 

of 100 µm. .................................................................................................... 115 

 

Figure 6.21: (a) J-E plots (b) corresponding F-N plots from tapered nanowires with 

different vacuum gaps. ................................................................................. 116 

 

Figure 6. 22:  Variation in turn on field (at 10 µA/cm
2
), threshold field (at 100 µA/cm

2
) and 

the field-enhancement factor with a change in vacuum gap d. (▲) represents 

field enhancement factor, (■) turn on filed and (●) represents the threshold 

field. ............................................................................................................. 116 

 

Figure 6.23:   Linear fit to the experimental data based on the TRFE model. .................... 118 

 

Figure 6.24:   Field-emission stability of tapered ZnS nanowires collected for a period of 8 

h and acquired at the field of 10 V/µm with a 100 μm vacuum gap. ........... 119 

 

Figure 7.1:    (a) Low-magnification FESEM image and (b & c) high-magnification FESEM 

images of In2O3 pyramidal beaded nanowires. ............................................ 123 



xiv 
 

 

Figure 7.2:    (a) Low-magnification (b) high-magnification TEM images of In2O3 

pyramidal beaded nanowires. ....................................................................... 124 

 

Figure 7.3:   (a) TEM image of In2O3 pyramidal beaded nanowire, (b & c) HRTEM 

images of the selected region from the nanobead and the interface between 

the two beads. The insets in the HRTEM images of (b & c) display the 

selected area electron diffraction (SAED) patterns from the respective 

regions. ......................................................................................................... 125 

 

Figure 7.4.  (a) EDS mapping of another In2O3 nanowire (b) the corresponding energy   

dispersive x-ray spectrum (EDS). ................................................................ 126 

 

Figure 7.5:  XRD pattern of In2O3 pyramidal beaded nanowires. .................................. 126 

 

Figure 7.6:  (a) High-resolution In 3d, and (b) O 1s XPS spectra of In2O3 pyramidal 

beaded nanowires. ........................................................................................ 127 

 

Figure 7.7:  Schematics of the growth of In2O3 pyramidal beaded nanowires. ............... 129 

 

Figure 7.8:   (a) HRTEM image of a pyramidal bead, (b) structural visualization by using 

VESTA software. ......................................................................................... 130 

 

Figure 7.9:  Room temperature micro Raman spectrum of In2O3 pyramidal beaded 

nanowires. .................................................................................................... 132 

 

Figure 7.10:  (a) Gaussian peak fittings of the Eg mode. (b) Fitting of Eg mode with the 

phonon confinement model.......................................................................... 132 

 

Figure 7.11:  Micro PL spectrum of In2O3 pyramidal beaded nanowires. ........................ 134 

 

Figure 7.12:  J-E plot of In2O3 pyramidal beaded nanowires measured at a 80 µm gap 

between the anode and sample. .................................................................... 135 

 



xv 
 

Figure 7.13:  F-N plot of In2O3 pyramidal beaded nanowires measured at a 80 µm gap 

between the anode and sample. The solid line is the fitting of FN theory to 

experimental data. ........................................................................................ 136 

 

Figure 7.14:    J-E plots from In2O3 pyramidal beaded nanowires as obtained at different 

vacuum gaps. .............................................................................................. 136 

 

Figure 7.15:   FN plots of In2O3 pyramidal beaded nanowires obtained at different vacuum 

gaps. ............................................................................................................. 137 

 

Figure 7.16:  Variation in field-enhancement factor and turn-on field (at 1 µA/cm
2
) with a 

change in vacuum gap d. .............................................................................. 138 

 

Figure 7.17: Fitting of experimental data points with Philip’s model. The ratio of 

calculated field enhancement factors (βcal) and measured field enhancement 

factors (βFN) (left) and variation of the screening factor (right) were plotted as 

a function of vacuum gap. ............................................................................ 139 

 

Figure7.18:   Linear fit to the variation of 1/β with 1/d based on the TRFE model. .......... 140 

 

 



1 
 

Chapter 1 

Introduction 
 

In last few decades nanomaterials have attained much attraction due to quantum 

confinement effects, high surface to volume ratio and high surface energies of 

nanostructures. Research and development in the field of one-dimensional (1D) 

nanostructures, such as nanowires, nanobelts, and nanotubes, demonstrates some of the most 

exciting breakthroughs in the modern era of science and technology. This chapter introduces 

the research problem addressed in the present thesis.  

1.1. Fundamentals of low dimensional semiconductors:  

Dimensionality plays a critical role in determination of the properties of materials 

due to their unusual behavior at nanoscale. Low dimensional semiconductors are objects 

with at least one dimension between one and one hundred nanometers in length. In the low 

dimensional semiconductors, motion of electrons is confined in that direction known as 

quantum confinement effect. Quantum confinement effect dictate material’s properties and 

band gap of nanostructure semiconductors widen as compared to bulk semiconductors as a 

result of this effect. We can classify the structures into three types on the basis of 

confinement in different directions, if the motion of the electron is confined in one 

dimension then it is called two dimensional (2-D) nanostructure e.g. platelets. If the motion 

of the electron is confined in two dimension then the structure is called one dimension (1-D) 

nanostructures e.g., nanowires, nanorods and nanobelts, if all the three dimensions of the 

electron motion are confined then it is called zero dimensional structures or quantum dots 

etc, as shown in Figure 1.1. 

Figure 1.1 shows the effect of dimensionality on the density of the state (DOS) that 

when dimensions are in steps i.e. from bulk to zero dimensions. Density of the state varies as 

E
1/2

 with energy in the bulk while for the 2D structures it forms step like functions, for the 

1D, the DOS varies E
-1/2

. In 0D it behaves just like a hydrogen atom and DOS have discrete 
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values. The band gap of the material will increase; a small change in the size of quantum dot 

can shift their luminescence from the one end of the visible light spectrum to the other end. 

 

 

Figure 1.1:  Density of the states for bulk, 2D, 1D and 0D nanostructures. 

 

1.2. Wide-band gap semiconductors:  

.This thesis presents an extensive study of two wide band gap semiconductor 

materials ZnS and In2O3 nanostructures, namely nanowires and nanobelts. As an important 

II-VI semiconductor, ZnS was one of the first semiconductors discovered and is probably 

one of the most important electronic and optoelectronic materials with outstanding 

applications, such as optoelectronic devices, field emitters, field effect transistors (FETs), 

sensors, photocatalysts, etc [1-4]. 

As an important oxide semiconductor, indium oxide with a direct band gap of 3.6 eV 

can be one of the most attractive conductive oxides for field emission because of its 

relatively low work function (5.0 eV) and low electron affinity ~3.5 eV [5]. Due to its 

unique optical, chemical, and electronic properties, it has found many applications in gas 
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sensors, field-emission displays, lithium-ion batteries, solar cells, biosensors and 

photocatalysis etc [6-11]. 

 

1.3. Synthesis of semiconductor nanostructures: (Bottom up approach) 

VLS growth mechanism is an effective bottom up growth technique to grow single 

crystalline, high density and large aspect ratio one dimensional nanostructures. The basic 

principle for the VLS growth is the catalytic effect of liquid phase having higher 

accommodation coefficient for adsorption of atoms on the melt surface resulting in 

reduction of activation energy for crystallization at the liquid-solid interface. 

The liquid metallic droplet also has a strong influence on the ultimate size and 

geometry of nanostructures. It has been demonstrated that the catalyst not only takes part in 

initializing the growth of nanostructure but it also simultaneously dopes the nanostructure 

[12]. The doping rate actually competes with the growth rate of nanostructures in VLS 

mechanism [13]. An understanding of the physical mechanisms responsible for affecting the 

growth rate and the doping rate as a function of growth parameters is essential to synthesize 

and dope it uniformly in a controlled manner. To date, different models have been proposed 

taking into account thermodynamic effects to study the nanowire growth and its growth rate. 

According to theoretical studies, the prime factors affecting the growth rate are growth 

temperature, radius of the catalyst droplet, supersaturation in the catalyst droplet and the 

crystallization rate at liquid solid interface [14-17]. So the key mechanism controlling the 

growth rate in the VLS mode is the catalytic effect of solvent liquid (catalyst) on the 

solidification rate. Hence catalyst should have high surface tension and accommodation 

coefficient. Many metals can be used as catalyst but in this thesis, main focus was on Au, 

Mn and Sn. 

1.4. Properties of wide band gap semiconductors: 

1.4.1. Field emission properties: 

In recent years, the research on field emission properties of 1D wide-band-gap 

semiconductors became crucial due to growing demands of micro/nanotechnologies. Field-
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emission (FE) (also known as electron field-emission) is a phenomenon in which emission 

of electron induced by external applied fields. FE from the material can be explained by 

quantum tunneling of electrons, in which electrons pass from an emitting material (which is 

negatively biased) to the anode through a barrier (vacuum) in the presence of an external 

high electric field. Electrons are bound in the metal by a potential barrier introduced when 

the surface is created. The applied field bends the barrier and the electron tunnels through 

that barrier into the vacuum where it can be accelerated as a free electron to the anode. 

Figure 1.2(a) shows a schematic illustration of field emission phenomenon, showing the 

emission that occurs from the tip of an emitter.  

 

 

Figure 1.2: (a) A schematic illustration of field emission phenomenon, showing the 

emission that occurs from the tip of an emitter. (b) The emitters can have 

different tip geometry such as, (i) round tip (ii) blunt tip, and (iii) conical tip. 

 

Fowler and Nordheim proposed the theory of FE from bulk metals known as 

Fowler–Nordheim (FN) tunneling [18]. FN theory relates the field emission to two 

important parameters, namely, the work function (ϕ) of an emitting material and the field 

enhancement factor [19]. The prime factors for the emission current could be the work 



5 
 

function of the emitting materials, morphology of the emitting material, the local electric 

field at the tip of the emitter and the distance between electrodes. The field-enhancement 

factor is defined as the ratio of a local field to an applied field and is determined by the 

shape and morphology of the emitter. Morphological variations may have prominent effects 

on the field emission properties, such as turn-on field and field enhancement factor, etc. 

Thus, it is possible to achieve strong field emission from a given nanostructure material if it 

has high aspect ratio and sharp edges. The emitters can have different tip geometry such as, 

round tip, blunt tip and conical tip, as shown in Figure 1.2(b). 

The work function of ZnS (7.0 eV) is higher than that of some other popular FE 

materials, whereas work function of In2O3 (5.0 eV) is comparable to such as C nanotubes 

(5.0 eV), ZnO (5.3 eV), and CdS (4.2 eV); thus ZnS is not among the best FE materials. 

However, ZnS and In2O3 has a tendency to grow in numerous morphologies with controlled 

shapes, and due to their wide band gap, these materials have high band bending in the large 

applied fields. These properties make these materials potential candidates for the FE 

applications.  

 

1.4.2. Optical properties:  

Optical properties of wide band gap semiconductor are of great interest due to their 

use in UV detector and high temperature operation of optical devices. Photoluminescence 

(PL) and Raman spectroscopy was employed to study the optical properties of ZnS and 

In2O3. PL spectroscopy can be used for the measurement of band gap of the material, 

impurity levels and localized defects in the material through radiative recombination and 

relaxation mechanism of excited carriers.  

PL properties of doped ZnS have been extensively studied. ZnS has attained special 

attention in electroluminescent devices, lasers and flat panel displays when doped with Mn. 

It has been reported that doping of Mn in ZnS crystal reduces the probability of non-

radiative recombinations and makes it to phosphor at 590 nm due to radiative 

recombinations between Mn d-states [20]. Coupling of sp states of nanocrystalline ZnS and 

3d states of Mn resulted in fast transfer of electron from ZnS band to Mn 3d states [21]. As a 
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consequence, the radiative transition in nanocrystalline ZnS becomes five orders of 

magnitude faster than in the bulk. Figure 1.3 shows the emission centers due to the different 

defects states, where Vs and Is are the sulphur vacancy and interstitial sulphur, respectively.  

 

 

Figure 1.3: The emission centers due to the different defects states. 

 

The PL spectrum of undoped ZnS nanobelts and Mn doped ZnS nanobelts shows that 

emission observed bands at 440 nm and 540 nm are assigned to defects produced by S and 

Zn vacancies, respectively, and emission band at 590 nm is attributed to Mn d-d state 

transition [22,23]. It is also observed that defect related emission decreases as Mn 

concentration increases in Mn-doped ZnS nanobelts. Insight in the crystal structure, quality 

of the crystal structure, phases and impurity incorporation can be studied with Raman 

spectroscopy. 

Raman spectroscopy technique provides a local probe to access the quality of the 

material. The line shape, i.e., peak position and peak width, of the Raman band gives 

information regarding the crystal quality, doping, secondary phase impurities and crystalline 

disorder. When the diameter or length of nanostructure becomes comparable with the 

phonon mean free path, phonon confinement would occur and the Raman line shape will 

change.  
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In the nanostructures growth using VLS mechanism, if the deposition temperature 

was high and thus crystal growth rate was directly related to the availability of chemical 

species in the droplet and its diffusion rate through the droplet. Therefore, under such 

conditions, the diameter modulations occur in the growing nanostructures, which is 

responsible for the symmetry breaking at the surface. This symmetry breaking phenomenon 

may activate the surface optical (SO) mode. The average wavelength of the surface potential 

perturbations could be determined by using the dielectric continuum model and from the 

Raman spectrum. Also from the Raman spectrum, an insight into the lattice disorder could 

be obtained by using phonon confinement model (PCM). The regarded model proposes to 

describe the quality of a crystalline structure by introducing a parameter known as 

correlation length.  

 

1.5. Thesis objective and overview: 

The objective of this thesis is to further improve the understanding of vapor liquid 

solid (VLS) mode of growth, as VLS growth mechanism is an effective technique to grow 

single crystalline, high density and large aspect ratio one dimensional nanostructures. So it is 

important to explore the basic thermodynamics of VLS mechanism because the growth 

process is very complex due to numerous unseen mechanisms taking place during growth. 

Further, after careful control on the morphology, study the optical properties and finally 

field emission applications are important.  

The work is divided into two sections, Section I describes VLS mode of growth for 

the synthesis of nanostructures. An understanding of the physical mechanisms responsible 

for affecting the growth rate and the doping rate as a function of growth parameters is 

essential to synthesize and dope it uniformly in a controlled manner. The prime factors 

affecting the growth rate are growth temperature, radius of the droplet, supersaturation in the 

catalyst droplet and the crystallization rate at liquid solid interface. It has also been justified 

theoretically and experimentally that suitable choice of catalyst is very important for the 

growth of nanostructures towards device fabrication.  
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In the second part of work, knowledge acquired in the first section has been utilized 

to synthesize tapered and beaded nanostructures for the enhancement of field emission 

properties. Photoluminescence (PL) and Raman spectroscopy was employed for the study of 

optical properties of ZnS and In2O3. High quality, smooth surface, high density of nanowires 

and tapered sharp tips can enhance the field emission from the nanostructures. These 

structures could be potential materials for the novel optoelectronic devices. 

In Chapter 2, synthesis approaches for the fabrication of nanostructures is presented 

and discussed in details. A detailed overview of the growth kinetics in vapor liquid solid 

(VLS) mechanism along with doping mechanisms in vapor phase growth is described. 

Background theory of optical properties and field emission phenomenon of wide band gap 

semiconductor nanostructures has also been discussed. Chapter 3 describes the sample 

details and synthesis techniques. Characterization techniques used to study morphology, 

structure, composition and optical properties of as-synthesized nanostructures are also 

introduced in chapter 3. Chapter 4-7 presents the work done during the course of this thesis. 

Chapter 4, demonstrates that catalyst solubility during nanostructure growth is dependent on 

the catalyst dimensions. A thermodynamical approach has been used to develop a self 

doping model for the doping in the nanostructures during growth. Chapter 5 presents the 

effect of catalysts (Au, Mn and Sn) on the growth rate, diffusion rate and doping rate of ZnS 

nanostructures. It has been shown that the fundamental parameters dictating the growth rate 

are activation energies and diffusion coefficients of the growth species, time required for 

supersaturation, and the activation energy for crystallization of the growth species. Optical 

properties of self doped ZnS nanostructures have also been presented and discussed. 

Chapter 6 shows the efficient way to synthesize tapered ZnS nanowires by using the 

vapor−liquid−solid (VLS) mechanism. Optical properties and field-emission measurements 

of the tapered nanostructures are presented and compared with other documented FE results 

for ZnS nanostructures. Chapter 7 presents the growth of pyramidal beaded In2O3 nanowires 

by using hydrogen assisted thermal evaporation method. A detailed growth mechanism is 

proposed for such structures. Field emission measurements were performed to determine the 

gain factor, turn-on voltage and other FE parameters and were compared with existing 

results on various nanostructures of In2O3 and other FE materials. 
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1.6. Summary: 

In this chapter, brief overview regarding fundamentals properties of low dimensional 

semiconductors and synthesis approaches has been given which is essential for the 

fabrication of low dimensional semiconductor nanostructure. Two main properties of 

semiconductor nanostructures i.e., field emission and optical properties of wide band gap 

semiconductor nanostructures are discussed in detail. Motivation and goal of research is also 

present along with an overview of complete thesis. 
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Chapter 2 

Synthesis, optical properties and field emission in 1-D 

nanostructures 
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The study of various kinds of nanostructures falls under interdisciplinary research 

area of science. During the last decades, new needs, particularly in technology, energy, 

health and environment have driven research and development on nanomaterials. Advanced 

experimental and characterization tools helped to increase the knowledge base of the 

nanomaterials synthesis and their properties. The capability to work precisely with atoms at 

the nanoscale also enhanced the ability of scientists to control the properties for specific 

applications. Theory and experimental methods developed in this field have also taken a 

considerable space in the science of nanostructures.  

In this chapter, the basic approaches for the nanomaterial’s synthesis and properties 

relevant to the present work have been discussed. Thermodynamical approach was applied 

to study the most widely used growth method (VLS mechanism). The basic physics of 

optical properties and field emission from the nanomaterials has also been discussed in 

detail. 

2.1. Synthesis approaches: 

There are two routs for the synthesis of 1-D nanostructures namely as: bottom-up 

and top-down technique. Top down approach refers to slicing or successive cutting of a bulk 

material to get nano sized structures. Bottom up approach refers to the build up of a material 

from the bottom: atom by atom, molecule by molecule or cluster by cluster. In the next 

section, details of these two approaches are presented with the advantages and 

disadvantages. 

  

2.1.1. Top-down approach: 

In top down approach, larger structures are chiseled down to nanosize by 

lithography. It is the process of defining useful shapes on the surface of a semiconductor 

wafer. Typically, it consists of a patterned exposure into some form of photosensitive 

material that has already been deposited on to the wafer. Many techniques of lithography 

have been developed by using a variety of lens systems and exposure radiation sources that 

have included photons, X-rays, electrons, ions, and neutral atoms. Photolithography is 

simply lithography using a light source with wavelengths in the visible or UV spectrum. 
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Electron-beam lithography involves scanning a beam of electrons in a patterned fashion 

across a surface covered with a resist. X-rays with wavelengths in the range of 0.04 to 0.5 

nm represent another alternative radiation source with the potential for high-resolution 

pattern replication into polymeric resist materials. The FIB technique has also been rapidly 

developed into a very attractive tool for lithography. Because of the matching of ion and 

atom masses, the energy transfer efficiency of the ion beam to resist is significantly greater 

than electron beams. 

The biggest problem with top down approach is the imperfection of the surface 

structures. It is well known that the lithography can cause significant crystallographic 

damage to the processed patterns and addition defects may be introduced even during the 

etching steps. In the case of nanowires made by lithography is not smooth and may contain a 

lot of impurities and structural defects on the surface. Such imperfection would have a 

significant impact on the physical properties e.g., conductivity, reactivity etc. and surface 

chemistry due to large surface to volume ratio. 

 

2.1.2. Bottom-up approach: 

  The building of nanostructures with small components such as atoms is called 

bottom-up approach. In crystal growth, growth species, such as atoms, ions and molecules, 

after impinging onto the growth surface, assemble into crystal structure one after another. 

Two mechanisms responsible for the bottom up growth, Vapor-Liquid-Solid (VLS) and 

Vapor-Solid (VS) are described in details. 

2.1.2a. Vapor-Liquid-Solid (VLS) mechanism: 

This technique was firstly reported by Wagner et al. in 1964[1]. A metal thin film or 

nanoparticles can be used as a catalyst for the growth of 1-D nanostructures. At elevated 

temperatures, the thin film reacts with the surface of the substrate to make the alloy droplets 

which act as nucleation sites for the subsequent growth, as shown in Figure 2.1.  
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Figure 2.1: Schematics of the VLS mode of growth. 

 

In the next step, the help of carrier gas flows and carries the vapors of the source 

material to the droplet which saturates the liquid droplet. Since the accommodation 

coefficient in the liquid droplet is high, this allows the droplet to supersaturate with the 

source material.  Since at the surface of the liquid droplet the vapors have high Gibbs free 

energy and its minimization becomes the driving force for the diffusion of vapors into the 

droplet. As soon as the liquid droplet supersaturates, the material crystallizes at the LS 

interface and one dimensional nanostructures starts forming,  

Wu. et al. have reported the in situ TEM analysis of the  growth of Ge nanowire 

using Au as a catalyst [2],shown in Figure 2.2.  
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Figure 2.2: In situ TEM images recorded during the process of nanowire growth. [2]  

  

2.1.2b. Vapor-Solid (VS) mechanism: 

The growth of 1-D nanostructures without the assistance of the metal catalyst by 

using thermal evaporation is referred to Vapor-Solid (VS) mechanism. This growth 

mechanism has been generally used to grow semiconductor or metal oxides 1-D 

nanomaterials. In this case growth is mostly anisotropic; the cause for this growth suggested 

by the electron microscopy studies is due to defects e.g., screw dislocation.  

 

 

Figure 2.3: Schematics of VS growth mechanism, (a) impinging of vapors, (b) formation of 

Seed, (c) formation of nanowires.   
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In the case of a material, which has metals as a cations, atoms of the metal first 

deposited on the flat surface or substrate act as a catalyst just like in the VLS mechanism 

and serve as a deposition sites for the 1-D growth as shown in Figure 2.3. VS mechanism 

has important factors: due to anisotropic properties of the different surfaces of the crystals, 

the atoms on the different surfaces have a tendency to minimize their surface energies are 

mostly resulted in the nanowire or nanorod.     

2.2. Kinetics of the VLS Growth: 

VLS mechanism is purely driven by energy minimization. In VLS mechanism, 

change in Gibbs free energy is the driving force for the growth of 1-D nanostructures. Gibbs 

free energy minimization method has been used to determine the basic form of the chemical 

tension model [3] which will give idea about the final morphology of the nanostructure. For 

the growth kinetics, consider the growth of ZnS nanostructures using Au as a catalyst on Si 

substrate. Suppose that the formation of the first ZnS nanowire layer of an elementary 

thickness lo and Au-Si alloy droplet on the substrate, as shown in Figure 2.4.  

 

  

Figure 2.4: Schematic of the Au-Si alloy droplet with first ZnS layer on substrate. 

 

Here βo is contact angle, σLS, σVS and σVL are the surface free energy of liquid-solid, 

Vapor-solid and Vapor-liquid interfaces. In VLS process, when the state of the system 
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changes from vapor state to a well-defined final solid state, the change in Gibbs free energy 

ΔG is given as,  

 

VSo
B

o rl
TK

lrG  2ln2 



                                   Eq. (2.1) 

 

Here 
eq

ZnS

ZnS

P

P
 is the vapor pressure supersaturation ratio , P

ZnS 
is the vapor pressure of 

ZnS and p
ZnS

eq
 is the equilibrium vapor pressure of ZnS, ol is the thickness, σvs is the surface 

tension of the vapor–solid interface, Ω is the volume of the ZnS unit cell, r is the radius of 

the catalyst droplet and T is the substrate temperature. On the right hand side of the above 

equation: the first term represents, the reduction in the Gibbs free energy due to crystal 

formation and the second term represents, the increase in the surface energy due to increase 

in surface area.  

By using the concept based on energy minimization, Tan et al.[9] have formulated a 

chemical tension model. As discussed earlier that the change in Gibbs free energy has two 

factors: surface tension and line tension. Now, above relation can be written in the form of 

effective surface tension and effective line tension as;  

 

c
LS
c rrG  22                                        Eq. (2.2) 

 

Where “  ln



TK

l B
oLS

c ” is called the effective surface tension component and “

VSo

c l   ” is called the effective line tension component. The effective surface tension 

component acts along the liquid-solid interface as an in-plane vector quantity. c  acts along 
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the circumference of the liquid-solid interface as in-plane vector quantity. For simplification 

the change in Gibbs free energy can be written in the form of overall effective chemical 

tension (σ
c
) as; 

 

  

   
    

  
  

 
                                                   Eq. (2.3) 

or 

      
  

  

 
                                                    Eq. (2.4) 

 

It is concluded from eq. (2.4) that the chemical tension determines the shape of 

nanostructure. Final morphology of nanostructure depends on ZnS atoms supersaturation 

ratio “η”, growth temperature “T” and the radius of the catalyst droplet r. σ
c
depends on r 

which is not constant during the growth. For the wire to grow, the condition 
c < 0 must 

hold throughout the growth. Whenever during growth this condition fails, the growth stops. 

If it is occurs at early stages then we’ll get nanohillock shape structures.  

The validity of the chemical tension model has been verified in various experiments 

e.g., by varying carrier gas flow rate and the substrate temperature on the ultimate grown 

morphology of the ZnS nanostructures, as shown in Figure 2.5.  

 

Figure 2.5: ZnS nanostructures grown using different carrier gas flow rate at 850 
o
C growth 

temperature, (a) 20 Sccm and (b) 2 Sccm. 
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Figure 2.5 shows the SEM images of ZnS nanostructures synthesized at 850 
o
C substrate 

temperature using 20 Sccm and 2 Sccm flow rates. 

For 20 Sccm flow rate, high density, ultra long nanowires were observed but in the 

case of 2 Sccm flow rate, 0D nanodots were observed [4]. Here it can be concluded that at 

the same substrate temperature, the supersaturation ratio can be tuned by varying the carrier 

gas flow rate it affected the surface tension component of the effective chemical tension. 

Effect of the substrate temperature on the morphology of ZnS nanostructures was checked. 

Figure 2.6 shows the SEM images of ZnS nanostructures synthesized at 850 
o
C and 460 

o
C 

with 20 Sccm carrier gas flow rate. Change in the substrate temperature from 850 
o
C to 460 

o
C, the morphology changed from nanowires to nanodots, again verifying the chemical 

tension model. 

 

 

Figure 2.6:  ZnS nanostructures grown using different substrate temperature with 20 Sccm 

carrier gas flow rate, (a) T = 850 
o
C (b) T = 460 

o
C 

 

Nanowires growth rate can be determined by calculating the rate of diffusion of 

growth species through droplet and the rate of condensation of adatoms at the droplet-solid 

interface [5]. The two rates strongly depend on activation energies of diffusion of growth 

species in the droplet and the activation energy for crystallization at the LS interface. The 

diffusion coefficient of growth species in the metal catalyst can be calculated by using 

following relation [6]:  
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                                          Eq. (2.5) 

 

Where ‘a’ is the lattice constant of metal catalyst, ‘υ’ is vibrational frequency of growth 

species lattice, T is the growth temperature, k is the Boltzmann constant, and Ea is the 

activation energy of diffusion of growth species in the catalyst, which can be calculated as   

 

                                                           Eq. (2.6) 

 

Here, n (= 16 for metals) is a constant, ΔS is melting entropy of growth species; Tc is the 

eutectic temperature of the catalyst thin film with the substrate. From the diffusion 

coefficient, supersaturation time “the characteristic time at which the supersaturation 

reached the steady state at the LS interface” can be estimated. Assuming that the 

supersaturation time (τ) strongly depends on the height of the droplet is given by [7]:  

  

   
  

   
                                                     Eq. (2.7) 

 

Where H is height of the droplet and D is diffusion coefficient. The solution with higher 

equilibrium solubility Ce had the capacity to dissolve more material. The growth rate of the 

nanowires and nanobelts can be related to the activation energy of the crystallization by 

following relation, 

 

                
     

   
                                     Eq. (2.8) 



20 
 

Where υ(T) is the growth rate of nanowires/nanobelts, γ is the supersaturation in the catalyst 

droplet, α is the pre-exponential factor, Ecry is the activation energy for crystallization, kB is 

the Boltzmann constant and T is the growth temperature. The most important step is to the 

determination of the activation energy for crystallization which was obtained by plotting the 

Arrhenius plot of the growth rate [8]. In actual, the crystallization rate depends on the 

concentration of vapor species, growth temperature and the Gibbs free energy of nucleation 

as given by [9]; 

 

               
     

  
                                      Eq. (2.9) 

 

Where n
2
2πD is a normalizing factor equal to the flux of atoms approaching critical nucleus, 

r* is the radius of critical cluster, Δφ* is the change in the Gibbs free energy of nucleation 

and is given by, 

 

    
    

                      

           
                                   Eq. (2.10) 

 

KB is the Boltzmann constant, T is growth temperature, σab is interface energy between 

nanowire clusters and the catalyst droplet, σas is interface energy between nanowire cluster 

and substrate and σbs is the interface energy between the catalyst and the substrate and η is 

the supersaturation in the droplet.  

From the above discussion, it is apparent that material with low eutectic temperature, 

low equilibrium solubility and having short supersaturation time is favorable, which would 

reduce the activation energy for diffusion and would increase the supersaturation of the 

growth species in the catalyst droplet.  
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Diameter of the catalyst droplet has large impact on the growth rate and diameter of 

the nanowire. According to Gibbs-Thomson effect, the decrease of supersaturation as a 

function of whisker diameter d is given as [10]; 

 

d
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111
 






                              Eq. (2.11) 

 

  is the effective difference between the chemical potential of ZnS in the vapor phase and 

in whisker, b and n are fitting parameters, and o is the same difference at the plane 

boundary when ).( d  Eq. 2.11 has been used for the calculation of growth rate of ZnS 

nanostructures as a function of diameter and supersaturation, shown in the Figure 2.7. 

 

 

Figure 2.7: Diameter and supersaturation dependent growth rate of ZnS nanowires. 
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It can be seen that for higher values of the supersaturation with smaller diameter of 

wire, the larger is the length of the grown wire. In the present case, the supersaturation 

condition was expected to be between 15 and 20 as ZnS nanowires grown were 50 μm or 

longer on average, for dots, the supersaturation condition as determined from the size of the 

dots was found less than 5. 

 

2.3. Doping methods in vapor phase growth: 

The electronic or optical properties of semiconductors are tailored by doping, a well-

established technique used in the fabrication of devices. In recent years, extensive work is 

reported on the doping of nanostructures, with mixed success [11,12]. The size of the 

nanostructure and type of the dopant plays an important role in the doping process, e.g., 

doping the nanoparticles is size dependent; as their size decreases, the ability to add 

impurities into the core of the structure becomes quite difficult [13,14].  

Recently, the dopant distribution in wide band gap semiconductor nanowires (e.g., in 

ZnO, ZnS, etc.) has been shown of critical importance as it offers excellent opportunity to 

tune the optical emission lines [15,16]. Yang et al. have reported the emission in visible 

from ZnS nanoparticles doped with Co
+3

 and Co
+2

. Optical properties of Mn doped ZnS 

nanorods or nanocrystals strongly depended on the local crystal field effect and symmetry 

around Mn
+2

 ions [17]. It has been reported that doping of Mn in ZnS crystal reduced the 

probability of non-radiative recombinations and made it to phosphor at 590 nm due to 

creation of radiative Mn d-states [18]. Coupling of sp states of nanocrystalline ZnS and 3d 

states of Mn resulted in fast transfer of electron from ZnS band to Mn 3d states. As a 

consequence, the radiative transition in nanocrystalline ZnS was five orders of magnitude 

faster than in the bulk. Thus, electrical and optical properties of ZnS can be remarkably 

modified by doping. Sn doped ZnO nanobelts also have showed blue shift in near band edge 

emission as compared to bulk ZnO [19]. 

Considerable work is in progress on the doping of nanowires grown using physical 

vapor deposition (PVD) technique. Lu et al. have reported the synthesis of intercrossed 

sheet-like Ga doped ZnS nanostructures on Si substrates using thermal evaporation method 
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[20]. They have used mixed powders of ZnS and Ga2O3 as precursor material for the Ga 

doped ZnS nanostructures. Jiang et al. have reported the synthesis of the Al-doped ZnS 

nanowires using co-evaporation method [21]. They have used ZnS powder as a source of 

ZnS and Al powder as a dopant material with 10 nm Au coated Si substrate for growth of 

nanostructures. Liu et al. have reported Mn doped ZnS nanowires by using elemental Zn and 

S as a source material and MnCl2•4H2O powder mixed with Zn for Mn doping in the 

nanowires [22]. Chen et al. have reported the Cu doped ZnS nanowire arrays on Cu 

substrate by using simple evaporation process [23]. They have used ZnS powders mixed 

with a small amount of activated carbon and a piece of pure Cu substrate for the deposition 

of ZnS nanostructures. Kim et al. have used ZnS and Te vapors to synthesize Te doped ZnS 

nanowires on Si substrate having 20 nm Au nanoparticles as a catalyst [24]. In the present 

study, solubility of the catalysts was used to dope the nanostructures during the growth. 

Details of experiments and findings are presented in chapters 4 and 5. 

 

2.4. Optical Properties: 

Optical properties of wide band gap semiconductor are of great interest. 

Photoluminescence (PL) and Raman spectroscopy was employed for the study of optical 

properties of ZnS and In2O3.  

 

2.4.1. Raman spectroscopy: 

Raman spectroscopy is a phenomenon in which photons are scattered in-elastically 

from an atom or molecule of the crystal. If there is a change in frequency of incident light 

then it is called inelastic scattering or Raman scattering. The scattered radiation has different 

polarization characteristics that of incident one. Figure 2.8 shows the schematics of the 

process for inelastic scattering, the incident light with angular frequency ω1 and wave vector 

k1 is scattered in-elastically by an excitation of the medium having angular frequency Ω and 

wave vector q. 
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Figure 2.8: An inelastic light scattering process. The straight arrows represent the photon 

and curly arrows represent the phonons. ω and Ω are the frequencies of photon 

and phonon. K and q represents the photon and phonon wave vector.  

  

The process shown in the Figure 2.8 (a) corresponds to Stokes (S) scattering 

(creation of phonon) in which the photon is shifted to lower frequency and (b) anti-stokes 

(AS) scattering (annihilation of phonon) where photon energy is shifted to higher frequency. 

Furthermore, from the ratios of AS to S, one can determine the temperature of excitation by 

using following relation; 

 

            

       
     

   

   
                                     Eq. 2.12 

 

This equation is used frequently for the determination of temperature of the sample 

using Raman spectroscopy. Raman spectroscopy is a powerful technique to check the 

quality of the material. The peak position and peak width of the Raman band can gives 

information regarding the crystal quality, secondary phase impurities, crystalline disorder 

and doping. In the next section, the details about the interaction of light with the lattice and 

behavior of lattice as a result of photon interaction will be discussed.  
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2.4.1a. Lattice vibrations and phonon dispersion: 

Suppose a diatomic semiconductor with cubic crystal structure. Mass of first atom is 

M1 that lie on a set of planes and mass of second atom is M2 that lie on planes interleaving 

between those of the first set. “a” denotes the repeat distance of the lattice in the direction 

normal to the lattice planes considered. Dispersion relation for the nearest neighbor 

interaction can be given as [25]: 

 

    
         

    
               

    
                      Eq. (2.13) 

 

Consider first Brillion zone then  
 

 
    

 

 
 k, where “a” is called lattice 

constant. Dispersion relation shows the two vibration modes that depend on the value of ω, 

i.e. ω+ as optical modes and ω- as acoustic modes. Figure 2.9 shows the schematics of 

arising of acoustic mode and optical mode in the diatomic semiconductors. In case of optical 

modes, different atomic planes move in the opposite direction, while in case of acoustic 

modes, different atomic planes move in same directions.  

 

 

 

Figure 2.9: Shows the schematics of arising of acoustic mode and optical modes in the 

diatomic semiconductor.  
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Figure 2.10 shows the phonon dispersion (plot of frequency of vibrations versus 

wave number) curves.  

 

 

Figure 2.10: Dispersion curves for optical and acoustical modes. 

 

Optical phonon modes show less dispersion than acoustic modes and are found at 

higher frequencies. Both optical and acoustic phonon modes show separation at zone 

boundary. The region which separates the optical and acoustic branches is called forbidden 

frequency region. For the crystals with two or more atoms per primitive basis, the phonon 

dispersion relation shows new features, as shown in Figure 2.11.  

 

 

Figure 2.11. Dispersion curves for longitudinal and transverse optical and acoustic modes. 
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In that case both acoustic and optical branches can split in two branches. Optical 

branch will split into longitudinal optical (LO) and transverse optical (TO) phonon modes 

while for the case of acoustical branch can split into longitudinal acoustic (LA) and 

transverse acoustic (TA). This splitting of optical and acoustic phonon modes is shown in 

Figure 2.11. 

Surface optical (SO) phonons are lattice vibrations that are restricted to the near-

surface region of the nanostructures. SO phonon modes decay exponentially with the 

increase of distance away from the sample. In compound semiconductor, SO modes are 

observable due to formal charge separation between cations and anions sublattices. SO 

phonon modes always located between the TO and LO phonon modes. In nanomaterials, SO 

modes may activate due to symmetry breaking phenomenon at the surface. The average 

wavelength of the surface potential perturbations can be determined by using the dielectric 

continuum (DC) model. DC model strongly related to shape of the nanostructures and in the 

next section DC model for the cylindrical and rectangular cross section nanowires will be 

discussed.  

 

2.4.1b. Dielectric continuum model for cylindrical cross section nanowires: 

For a simple infinite planar surface between material ε(ω) and a dielectric medium 

ϵm, the surface mode frequency can be found by solving the following simple equation [26];  

 

                                                     Eq. (2.14) 

 

But if the interface between the material and the dielectric medium is cylindrical interface 

then the surface mode frequency can be calculated from the following relation [27]; 

 

                                                         Eq. (2.15) 
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Here q is the wave vector and r is the radius of the cylinder, and the function can be found; 

 

     
            

            
                                            Eq. (2.16) 

 

Here x = qr; I and K are Bessel functions. The region of interest is interface between a 

dielectric medium and a semiconductor surface, on solving Eq. 2.15 with the dielectric 

function; 

 

        
     

  
  

   
 

                                          Eq. (2.17) 

 

For a semiconductor, the surface mode frequency is 

 

        
     

     
                                           Eq. (2.18) 

 

Solving Eq. 18 and Eq. 20, the dispersion relation ωSO for a SO mode in an infinitely long 

cylindrical nanowire, and if q >> ωK then; 

 

   
     

  
  

 

         
                                    Eq. (2.19) 
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Where ωp is the screened ion plasma frequency, Eq. 22 presents the dispersion relation of 

SO phonon modes for the cylindrical cross section nanowire. Dispersion relation will give 

idea about the position of SO modes.  

 

2.4.1c. Dielectric continuum model for rectangular cross section nanowires: 

An approximate DC model for rectangular cross section wires was first introduced 

by Stroscio et al. and neglected the exponentially decaying electrostatic fields, emanating 

from the corner regions. By using usual electrostatic boundary conditions, dispersion 

relations for the SO phonons in rectangular cross section nanowires can be given as [28]; 

 

Symmetric mode                    
    

 
                                   Eq. (2.20) 

 

Asymmetric mode                  
    

 
                                   Eq. (2.21) 

 

ϵw is the dielectric function inside the rectangular cross section nanowire while ϵm is the 

dielectric function outside the rectangular cross section nanowire, qi(i=x,y) is the phonon 

wavevector Li(i= x,y) is the edge width of the rectangular cross section nanowire with 

growth direction in the z direction. ,  

 

  
    

                                                 Eq. (2.22) 

 

                                                       Eq. (2.23) 
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where eq 27 is the requirement that potentials of optic phonons in the x and y directions 

should have the same parity. Neglecting the damping and crystal anisotropy, the dielectric 

function ϵw(ω) can be expressed as 

 

        
   

    

   
    

                                       Eq. (2.24) 

 

and the Lyddane-Sachs-Teller (LST) relation gives; 

 

   
  

   
   

  
                                              Eq. (2.25) 

 

where ϵ0 and ϵ∞ are low and high-frequency values of ϵ1(ω), respectively. By using above 

relations, we can solve for the symmetric (S) and asymmetric (AS) mode of SO phonon 

dispersions [29]: 

 

   
         

  
       

    
 

    

       
    
 

    
                  Eq. (2.26) 

 

   
          

  
       

    
 

    

       
    
 

    
                      Eq. (2.27) 

 

Graph shows how the dispersion relation of the SO phonon modes varies with the 

symmetric (S) and asymmetric (AS) modes for a given momentum, “q”.  Finally, in order to 

show the effect of the nanowire morphology on the SO phonon dispersions, Adu et al. have 



31 
 

reported the SO phonon dispersion relation for rectangular cross-section and cylindrical 

cross-section GaP nanowires, as shown in Figure 2.12 [30].  

 

 

Figure 2.12: Calculated effects of shape of nanowires on the SO phonon dispersion in GaP 

nanowires. Results for square cross-section and cylindrical cross-section GaP 

nanowires. The two horizontal lines represent the bulk LO and TO 

frequencies. 

 

As can be seen, the cross sectional shape has a substantial effect on the SO 

dispersion. For example, for (qL/2) ~1 (square cross section) or (qr) ~ 1 (cylindrical cross 

section), the difference in the calculated SO frequencies based on cross section differs by as 

much as ~ 10 cm
−1

. Therefore, in order to quantitatively interpret the SO phonon frequencies 

in SNWs, the cross-sectional shape matters. 

 

2.4.2. Photoluminescence spectroscopy: 

Photoluminescence (PL) is a process in which a photon of energy hν is absorbed by 

the valence electrons and is excited to the higher energy states in the conduction band 

leaving holes in the valence band. The radiative recombination of electrons from the 

minimum of conduction band to the top of valence band holes emits a photon, as shown in 

Figure 2.13.  
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Figure 2.13: Schematic of the process occurring during photoluminescence in a direct gap 

semiconductor after excitation at frequency νL (a) the electrons relax at the 

bottom of C.B. and holes relax to the top of V.B. by phonon emission before 

recombining by emitting photon. (b) Density of states and band occupancies 

for the electrons and holes after optical excitation. 

 

Figure 2.13(a) shows the photoluminescence process in direct bandgap materials. 

When photon of energy hνL > Eg will absorb then injection of electron from the valence 

band to conduction band will happen. this process will cause the formation of hole in the 

valance band and free electron in the conduction band, This electron hole pair may be 

created at some higher energy state and will loose energy through phonon emission during 

rapid thermal decay as shown in Figure 2.13 (a).  Electrons (holes) therefore relax at the 

bottom (top) of the conduction (valence) band before radiative emission. After relaxation, 

electrons and holes wait until they can recombine to emit photons. The distribution formed 

due to the occupancy of available state can be indicated with thermal distribution as shown 

in Figure 2.12 (b) by shaded region. Fermi-Dirac statistics can be used for the distributions 

of optically excited electrons and holes in their bands. The total number density Ne of 

electrons and Nh of holes can be calculated as [31]; 

 

    
 

    
   

 

    
 

      
    

 

   
        

 

 
                   Eq. (2.28) 
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                  Eq. (2.29) 

 

PL spectroscopy can be used for the measurement of band gap of the material, 

impurity levels and localized defects in the band gap through radiative recombination and 

carrier relaxation mechanisms. In the present thesis, PL was used to study the variation in 

the emission bands in the visible as a result of different catalysts.  The change in the intrinsic 

defect (S, Zn) density due to change in size and type catalyst will also be explored 

 

2.5. Field emission characteristics: 

Field-emission (FE) (also known as electron field-emission) is a phenomenon in 

which emission of electron takes place by external applied fields. FE from the material can 

be explained by quantum tunneling of electrons, in which electrons pass from an emitting 

material (which is negatively biased) to the anode through a barrier (vacuum) in the 

presence of an external high electric field. Figure 2.14 shows the schematic of the field 

emission phenomenon from the single carbon nanotube. 

 

 

Figure 2.14:Schematics of field emission from the material: a potential difference is applied 

between a nanotube (or an assembly of nanotubes) and a counter electrode. 
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2.5.1. Fowler and Nordheim tunneling: 

In 1928, Fowler and Nordheim proposed the basic formulation of quantum 

mechanical tunneling of conduction electrons from a plane metal surface into vacuum, 

known as Fowler–Nordheim (FN) tunneling. The equation represents tunneling from an 

exact triangular potential barrier [32].  

 

                  
     

 
      

  
 
 

  
                                       Eq.(2.30) 

Or  

                
 

       
   

 
  

     

  
                                    Eq. (2.31) 

 

 where A and B are constants with values 1.54 × 10
−6

 A eV V
−2

 and 6.83 × 10
3 

V/μm 

eV
−3/2

, respectively, J is the current density, β is the field-enhancement factor, E is the 

applied field, and ϕ is the work function of the emitting materials.  Eq. (2.31) has been 

widely used to fit the experimental data and field enhancement factor (β) can be calculated 

from the slope of the ln (J/E
2
) versus 1/E (F-N) Plot, as shown in the Figure 2.15.  

 

Figure 2.15: Fitting of experimental data to the FN theory, (■) represents the experimental 

data and (solid line) represents the linear fit using FN relation. 
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The equations (2.30 & 2.31) relate the field emission from the material to the two 

important parameters, the work function of an emitting material and the field enhancement 

factor. The prime factors for the emission current could be the work function of the emitting 

materials, morphology of the emitting material, as β depends on the morphology of the 

emitter. F-N theory is valid for a single, metallic, planar emitter. For a proper interpretation 

of field emission from semiconductors, the effect of band structure, surface states and field 

penetration should be accounted.  

 

2.5.2. Field emission from the semiconductors: 

The exact expression for the band bending in terms of the potential V(z) can be 

obtained from the Poisson’s equation. Assuming the semiconductor-vacuum interface is an 

infinite x-y plane [33]. 

 

      

   
  

 

    
                                                Eq. (2.32) 

 

Here ρ is the charge distribution, ϵo is the permittivity of the free space, ϵr is the dielectric 

constant of the semiconductor. Potential V(z) can be defined as  

 

                                                       Eq. (2.33) 

 

Here q is the charge, EF is the Fermi energy and Ei is the energy parallel to the band edges 

and in the case of bulk, it coincides with the intrinsic level. Carrier densities can be 

governed with Maxwell-Boltzmann distribution then; 
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                                     Eq. (2.34) 

 

Here ni is the intrinsic carrier density and can be calculated as, 

 

            
   

  
  

 

 
                                     Eq. (2.35) 

 

Here Nc and Nv are the effective densities of the states for the conduction and valence bands, 

respectively. Eg is the band gap of the semiconductor and T is the temperature. From the 

above equation (2.31) it is clear that the carrier density strongly depends on the type of the 

semiconducting material used for the study of field emission properties. The Poisson’s 

equation can be solved by integrating the equation (2.32) and given in the following; 

 

      
   

 
              

  

  
      

   

   
                        Eq. (2.36) 

 

Here LD is the Debye length and is given by; 

 

    
      

     
 
 

                                              Eq. (2.37) 

 

And VS is the surface potential and is given by; 

 

    
   

 
            

    

     
 
 

                                Eq. (2.38) 
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Here Es is the surface electric field. So the field penetration E(z) can be calculated by 

 

        
   

   
       

     

   
                                Eq. (2.39) 

 

by putting the values final expression for the field penetration can be written as; 

 

        
   

   
                   

  

  
       

 

 
          

    

     
 

 

 
        Eq. (2.40) 

 

From the above discussion it is concluded that the surface potential (eq. 2.38) and the field 

penetration (eq. 2.40) strongly depends on the surface electric field, semiconducting material 

(ni, Eg), Debye length and distance from the interface. Wang et al. showed that the surface 

potential increased with the decrease in the distance from the interface and the band bending 

varied linearly with the increase in the band gap, as shown in Figure 2.16 [34];  

 

 

Figure 2.16: Variation in the surface potential as a function of depth for intrinsic Si under 

the field of 1 V/nm at 300 K [34]. 
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From the shape of the graph, it is clear that surface potential varied very little in the space-

charge region and an abrupt change in the surface potential very near to the interface. The 

maximum value of the band bending was nearly linearly proportional to the band gap (Eg = 

Ec - Ev) as shown in the Figure 2.17. 

 

 

Figure 2.17. Dependence of the band bending maximum on the band gap Eg corresponding 

to the field of 1 V/nm at 300 K [34]. 

 

Therefore, it can be concluded that the band bending for a wider band gap 

semiconductor is higher as compared to the narrower band gap semiconductor. So there is 

the stronger effect on the band bending because of the greater field penetration in wide band 

gap semiconductors. In the previous section, the effect of band gap on the band bending was 

explored. In the next section, the effect of vacuum gap on the field enhancement factor and 

on screening factor is discussed.  

 

2.5.3. Two region field emission (TRFE) model: 

Experimental data of field emission showed that when the vacuum gap (d) increased 

then the field amplification factor also increased and followed the relationship, 
 

 
   

 

 
 and it 

is universal in the field emission from nanostructures. Zhong et al. have proposed the 
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universal field emission model namely as, two region field emission (TRFE) model that 

relates the field amplification factor with the vacuum gap [35]. Schematic of the TRFE 

model is shown in the Figure 2.18. 

 

 

Figure 2.18: Schematic diagram about the field distribution in the vacuum gap. Near the 

anode plate, the electric field is almost uniform, while near the nanostructures 

surface, the field is dramatically enhanced because of the sharp ends of 

nanostructures.  

 

There is a vacuum gap between the cathode (field emission material) and anode. 

Near the anode plate region (d1), the electric field is uniform and denoted by E1 while near 

the cathode region d2, it increases drastically due to localization of electrons at the sharp 

edges of the field emission material denoted by E2. If Eo is the mean electric field in the 

vacuum gap between the anode and cathode then; 

 

    
           

       
                                             Eq. (2.41) 

 

Field enhancement factor can be related to the field enhanced region and mean electric field 

as; 

   
  

  
                                                         Eq. (2.42) 
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Considering that d1>>d2 and d = d1 + d2 putting this in the above equation one will get; 

 

 

 
  

  

 
  

 

  
                                                  Eq. (2.43) 

 

Here     
  

  
 is the absolute amplification factor which is the property of the field 

emitter material and independent of the applied field and the distance between the 

electrodes. As discussed earlier that 1/β varies linearly with 1/d and thus the values of d2 and 

βo can be determined by linear fitting and where the slope and intercept would give width of 

field enhancement region and absolute field enhancement factor, respectively. 

 

2.5.4. Fillip’s model for the screening effect: 

Each 1D nanostructure behaves as a single emitter and when many emitters bring 

together, screening effect from the neighboring emitters appears. As a result of screening,the 

local field on every tip decreases sharply with decrease in distance between the nearest 

neighbors. Fillip et al. proposed a formula for the magnitude of the electric field “E” on the 

top of each emitter of radius “ro” belonging to a cathode film with an average gap with 

anode is d [36]; 

 

   
 

  
      

 

 
                                        Eq. (2.44) 

 

Here “S” is screening parameter whose range is 0 (For very dense arranged emitters’ tips) to 

1 (for single emitter tip).  Simpler form for the extraction field can be written as;  

   
 

  
                                                         Eq. (2.45) 
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In practice the parameter β is not a characteristic of the emitter but it is property of the entire 

setup, since it depends on the gap distance d. β can be related with S as follow; 

 

      
 

  
       

 

  
                                 Eq. (2.46) 

 

Hence the screening factor can be calculated by using following relation. 

 

  
   
 

  
  

      
  

 
                                              Eq. (2.47) 

 

It is evident from above discussion that choice of the material, shape and morphology affects 

strongly on the field emission characteristics. The relationship between the field 

enhancement factor, the vacuum gap between the electrodes and the screening effect was 

explored.  

 

2.6. Summary: 

In this chapter, an introduction to the synthesis approaches for the growth of 

nanostructures was presented. Theory regarding the growth kinetics of VLS mechanism has 

been introduced. Different methods for the doping into the nanostructures during growth 

have been discussed. Optical properties (Raman spectroscopy and Photoluminescence) have 

been explained and the effect of different morphology on the SO mode was discussed by 

using dielectric continuum model. A general idea of field emission characteristics was 

explained and effect of field emission material, morphology and the vacuum gap on the field 

emission properties was also highlighted.  
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Chapter 3 

Growth and Characterization techniques 
 

This chapter describes the experimental conditions for growth and the description of 

characterization tools. Deposition of the catalysts thin films were carried out in ultra high 

vacuum chamber. Horizontal tube furnace was used for the growth of nanostructures along 

with carrier gas. Morphology of the synthesized nanostructures were characterized by 

scanning electron microscope (SEM) and transmission electron microscope (TEM). X-ray 

diffraction (XRD) and X-ray photoelectron were used for the structural and elemental 

analysis. Optical properties were studied by photoluminescence and Raman spectroscopies. 

3.1. Catalyst deposition and synthesis experiment: 

Ultra high vacuum chamber (UHV) and high temperature horizontal tube furnaces 

were used for the growth of the catalysts and growth of 1D nanostructures, respectively. 

Si (100) substrates with a very thin (2–3 nm) thick native oxide layer were used for 

the growth of nanostructures. First of all Si substrate were cleaned with the help of ultra 

sonic bath for 15 min in the acetone. After the cleaning process the substrates were loaded in 

the high vacuum chamber for the deposition of thin film of catalyst. Catalysts (Au, Mn and 

Sn) thin films were deposited by resistive evaporation in a system at a typical base pressure 

of 10
-7

 Torr at room temperature. Layers with different thicknesses (0.1nm, 0.2 nm, 0.5 nm, 

1.0 nm 5.0 nm and 30 nm) and different types of catalysts (Au, Mn and Sn) were obtained. 

These catalysts coated substrates were heated to the growth temperature in the same 

sequence as the actual deposition experiment. These samples were characterized by AFM to 

determine the size and density of the catalyst. 

The catalyst coated substrates were then loaded in a central zone of a horizontal tube 

furnace along with 4 N pure ZnS powder (1 g) in an alumina boat also placed at the center of 

the tube, as shown in the Figure. The temperature at the centre of the furnace was controlled 

and a gradient of temperature was mapped away from the center.  
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Figure 3.1: Experimental setup for the growth of nanostructures. 

 

For all growth experiments, ZnS powder was placed in the center of the tube furnace 

in the quartz tube having length of 100 cm and the diameter is 1.64 cm.  The furnace was 

heated to 1120 
o
C and catalyst coated substrates were then put 20, 28 and 30 cm away from 

the source and measured temperature was 850±2
o
C, 675±2

o
C and 460±2

o
C, respectively. A 

mixture of N2 + 5% H2 was used as carrier gas to transport the evaporated flux from the ZnS 

boat to the Si wafers.  All growth experiments were carried out for 2 hours and the flow rate 

of the carrier gas was maintained at 20 sccm for all of these experiments. The temperatures 

were measured with the help of high temperature Omega K-type thermocouple and the 

mapping is shown in the Figure 3.2.  

 

Figure 3.2: Mapping of the furnace when heated at 1120 
o
C by K-Type thermocouple. 
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3.2. Detail of samples: 

Samples used in our experiments were mainly ZnS and In2O3 nanostructures grown 

with different variables. Table 3.1 classifies these samples. Further details will be given with 

respective experiments described in relevant chapters. 

 

Serial 

number 

Source 

material 

Catalyst 

used 

Catalyst 

thickness (nm) 

Substrate 

Temperature 

1 

 

 

 

ZnS  

 

 

 

 

 

 

 

 

 

ZnS 

 

Au 

0.5 nm 

850 
o
C 

2 675 
o
C 

3 

1.0 nm 

850 
o
C 

4 675 
o
C 

5 

30 nm 

850 
o
C 

6 675 
o
C 

7 

Mn 

0.1 nm 

850 
o
C 

8 675 
o
C 

9 

0.2 nm 

850 
o
C 

10 675 
o
C 

11 

0.5 nm 

850 
o
C 

12 675 
o
C 

13 

1.0 nm 

850 
o
C 

14 675 
o
C 

15 Sn 1.0 nm 850 
o
C 
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16 675 
o
C 

17 460 
o
C 

18 

In2O3 Mn 1.0 nm 

850 
o
C 

19 675 
o
C 

20 460 
o
C 

Table 3.1: Detail of all samples used in the study of interfaces in present work. 

 

3.3. Introduction to characterization tools: 

 The as-synthesized samples were characterized by using the following techniques. 

1. Morphological (AFM, SEM, TEM); 

2. Structural and Compositional (XRD, XPS); 

3. Optical Properties (Raman and PL spectroscopy); 

4. Field emission characteristics; 

3.3.1. Atomic Force Microscope (AFM): 

The shapes, smoothness, surface roughness and sizes of the catalyst droplets were 

determined using atomic force microscope (AFM) by Pico Plus by Agilent Technologies. 

The AFM images were taken in the tapping mode in ambient by using tip made of Si with 

Al coating on the back for reflections. The resonance frequency of the tip was (70-150) 

KHz. The AFM images were then analyzed with Gwyddion software for the size and density 

of the catalyst nanoparticles. 

 

3.3.2. Scanning Electron Microscopy: 

Scanning electron microscopy (SEM) was used to determine the shape, size and 

density of the as-synthesized nanostructures. From the SEM, one can get an idea for the 

morphology and average size of the nanostructures. Two types of SEM machines were used 
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in this study namely, Hitachi SU-1500 SEM (available at CIIT) and field emission scanning 

electron microscope (FESEM) Hitachi 8000 (available at NIMS, JAPAN).  

 

3.3.3. X-ray Diffractometer (XRD):  

Structures, Phase identification and crystallographic orientations of as synthesized 

nanostructures were examined by X-ray diffraction machine. In this study, we have used two 

machines for the XRD measurements namely, (Phillips X'pert pro PMD) operated at 40KV 

and 30mA and (RINT 2200HF). Cu-Kα was used as the X-ray radiation source in two 

machines. Phase identification of the diffraction patterns was carried out by using the PAN 

analytical X-Pert high score and software. 

 

3.3.4. Transmission Electron microscopy:  

 Transmission electron microscope (TEM) in normal and in high resolution 

(HRTEM) mode was used to study the size, shape, crystal structures and growth direction of 

synthesized nanostructures. A high-resolution transmission electron microscope (HRTEM, 

JEM-2100F) equipped with an x-ray energy dispersive spectrometer (EDS). EDS was used 

for the elemental mapping and compositional analysis of the nanostructures.  This TEM 

machine is also equipped with selected area electron diffractometer (SAED) that can be used 

for determining the crystal structure, phase purity and the growth direction. This 

characterization was performed at the International Center for Materials Nanoarchitectonics 

(WPI-MANA), National Institute of Materials Science (NIMS), Tsukuba, Japan. 

 

3.3.5. X-ray photoelectron spectroscopy (XPS): 

X-ray photoelectron spectroscopy (XPS) was used to quantify the surface 

composition and valence states of as synthesized nanostructures. X-ray Photoelectron 

Spectroscopy (Omicron EA125) with incident beam of non-chromatic Al X-ray (1486.5 eV) 

was used operating at 10 kV, 10 mA and 100 W for both survey and high resolution scans. 

Pass energy was set at 50 eV for survey and 25 eV for high resolution scans with a dwell 
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time of 2 s/step for both types of scans. Samples were prepared by scratching the 

nanostructures Si substrates onto a carbon tape to avoid the charging. This characterization 

was performed at Department of Physics and Astronomy and Materials Science and 

Engineering, University of Delaware, USA.  

 

3.3.6. Raman Spectroscopy: 

Raman spectroscopy technique was used to check the quality of the material. The 

line shape of Raman spectra, i.e., peak position and peak width, of the Raman band can give 

information regarding the crystal quality, impurity incorporation, secondary phase impurities 

and crystalline disorder. Raman spectrometer (Horiba Jobin-Yvon T6400 with 514 nm 

excitation wavelength) was used at room temperature for 10 Min. Raman spectroscopy was 

employed for study of phases, crystal structures, role of oxygen vacancies and effect of self 

doping on crystal in metal catalyzed nanostructures.  

 

3.3.7. Photoluminescence spectroscopy: 

Photoluminescence (PL) spectroscopy was used for the measurement of band gap of 

the material, impurity levels and localized defects in the material through radiative 

recombination. Micro laser photoluminescence (PL) spectrometer (Horiba Jobin-Yvon 

S.A.S using He-Cd laser with excitation wavelength of 325 nm at room temperature) was 

used in this study. The range of the detector was 200 nm to 1000 nm and each measurement 

was made for 10 Min. 

 

3.3.8. Field emission measurements system: 

 The field emission properties were studied at room temperature in a high vacuum 

chamber (4 × 10
-6

 Pa) using a 1 mm
2
 cross sectional area copper anode. A dc voltage 

sweeping from 100 to 1100 V was applied to the samples. Field emission measurements 

were taken at International Center for Materials Nanoarchitectonics (WPI-MANA), National 

Institute of Materials Science (NIMS), Tsukuba, Japan. 
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3.4. Summary: 

 In this chapter a brief overview of experimental setup and characterization tools was 

given. The conditions at which the experiments were done along with detailed growth 

parameters were given. The description of characterization tools which were used to 

determine the size morphology, crystallanity, phase purity and optical properties have 

explained. Synthesis processes are also discussed briefly; specific details will be discussed 

in respective chapters. 
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Chapter 4 

Catalyst solubility and self doping 
 

The electronic or optical properties of semiconductors are tailored through doping, a 

well-established technique used in the fabrication of devices [1]. In recent years, extensive 

work is reported on the doping of nanostructures, with mixed success [2-6].  The size of the 

nanostructure plays an important role in the doping process, e.g., doping the nanoparticles is 

size dependent; as their size decreases, the ability to add impurities into the core of the 

structure becomes more difficult [7,8]. Considerable work is in progress on the doping of 

nanowires grown using VLS technique.  Several materials, e.g., P, Co, Cu, Fe, and Mn have 

been used as dopants in nanowires [9, 10]. A simple thermodynamic model was used to 

understand the doping mechanism in nanostructures, which considers Gibbs free energy, 

enthalpy, and entropy to determine the extent of doping in nanowires. The model also 

provides a physical insight into the system and sheds light on the possible location of 

dopants, i.e., at the surface and/or in the core.  The location of the dopant is very critical in 

defining the electronic and optical properties of nanowires. In the following section some 

salient features of the model are given.  

 

4.1. Self doping model in VLS growth: 

First-principles calculations of doped ZnS nanowires (NWs) showed that the 

formation energies of doped NWs were smaller than that of the pristine NW, indicating that 

doping process is an exothermic reaction [11]. Impurity atom will only be incorporated 

during the growth of nanostructures in the VLS mode, if there is a net reduction in the Gibbs 

free energy of the system.  The net reduction in the Gibbs free energy is determined by 

combining the entropy and enthalpy terms for the nanoparticles (initial growth) and 

nanowires (subsequent growth).  For nanoparticles, the Gibbs free energy is given by [12]: 

 

  

   
   

  

   
                                                         Eq. (4.1) 
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Where β is the number of bonds (or nearest neighbor) per impurity substituted, d is the 

number of impurities, and 
  

   
  is the normalized energy difference per bond, i.e., difference 

between the Zn-S bond and Au-S bond energies, and      
     

                
  is the number 

of configurations in which Au atom can make bond with ZnS. The Gibbs free energy in the 

case of Au catalyzed ZnS nanowire is given by [13]: 

 

 

                                  
           

         
           Eq. (4.2) 

 

 

             are the number of Au atoms and ZnS molecules in the wire, respectively.     

is the Gibbs free energy difference of one Au atom in a pure Au solid and in Au liquid. 

     is the Gibbs free energy difference of one ZnS molecule in a pure ZnS solid nanowire 

and in the liquid droplet. “r” is the radius and “l” is the length of the wire.    is the surface 

tension of the liquid solid interface. Thus,         , which accounts for the further change 

in Gibbs free energy, is associated with producing the liquid solution from the two pure 

liquids due to the enthalpy and vibrational entropy differences arising from the respective 

bond formation between atoms of different species and given by:  

 

            
  

   
                       Eq. (4.3) 

 

The Gibbs free energy of pure ZnS nanowires is given by: 

 

                                                 Eq. (4.4) 

 

The Gibbs free energy of ZnS nanowire with single Au impurity atom is: 
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                        Eq. (4.5) 

 

Thus, the change in Gibbs free energy of the nanowire by adding single impurity atom is 

given by: 

 

                                      Eq. (4.6) 

 

Eqs (4.1) and (4.6) show that the change in the Gibbs free energy on adding impurity atoms 

depends on the coordination number, difference between the bond energies of host atoms 

and the impurity atom and on the number of impurity and host atoms in the lattice. These 

equations were used to determine the possible location of impurity atoms in nanostructures.  

In this chapter, results of VLS synthesized ZnS nanowires grown with different 

catalyst (Au) droplet radii are presented. The critical role of the catalyst droplet size on its 

solubility in the nanowire is determined.  Section 4.2 presents the experimental details for 

the deposition of the catalyst and growth conditions for the synthesis and characterization of 

Au catalyzed ZnS nanostructures. Section 4.3 presents the morphological, structural and 

compositional analysis of the as grown nanostructures. Experimental findings are compared 

with the thermodynamic models for doping in the nanowires in both zinc blend and wurtzite 

phases of ZnS. Section 4.4 presents the novel way to synthesize the tapered ZnS 

nanostructures by controlling the surface diffusion and carrier gas flow rate. Morphological, 

structural and compositional characterizations were performed to check the quality of as 

grown ZnS tapered nanostructures.  

 

4.2. Synthesis of ZnS nanostructures: 

Au catalyst thin films were deposited by resistive evaporation in a vacuum chamber 

at a typical base pressure of 10
-7

 Torr at room temperature. Gold Layers with thicknesses of 

0.5 nm, 1.0 nm and 30 nm were deposited measured by film thickness monitor (FTM) based 

on crystal oscillator. For all growth experiments, ZnS powder was heated to 1020 
o
C and the 
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substrate temperatures were kept at 850 ± 2 
o
C. All growth experiments were carried out for 

2 hours and the flow rate of the carrier gas was maintained at 20 sccm for all of these 

experiments. Separately, few Au coated substrates were also heated to the growth 

temperature in the same sequence as the actual deposition experiment. These samples were 

characterized by AFM to determine the possible size and density of the Au droplets, just at 

the onset of growth. 

 

4.3. Results and discussion: 

4.3.1. Au catalyst morphology: 

Prior to growing nanostructures, shapes and sizes of the catalyst droplets were 

determined using AFM in tapping mode in ambient.  Figure 4.1 (a-c) shows the 3-D AFM 

topographic images of catalyst droplets formed by annealing with three different Au layer 

thicknesses, 0.5 nm, 1 nm and 30 nm at 850
o
C. As expected, the droplets were semi-

spherical and the particles size and the density increased as the thickness of Au layer was 

increased. The observed particle densities for the 0.5 nm, 1 nm and 30 nm Au thicknesses 

were 3 ± 1 µm
-2

, 27 ± 3µm
-2

, and 47 ± 4µm
-2

, respectively. The measured average particle 

radii were 19 ± 2 nm, 31 ± 3 nm and 90 ± 5 nm, respectively.  

 

 

 

Figure 4.1: 3D AFM images of three different thicknesses of the catalysts annealed at 850 
o
C; (a) 0.5 nm Au (b) 1 nm Au (c) 30 nm Au. 

 

From this analysis, an approximate estimate about the initial size of the droplet was 

obtained which helped in determining the extent of the solubility of catalyst droplet during 

growth. It was observed that the surface coverage was low for low Au deposition and was 
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close to one for high deposition. This means that for low surface coverage catalyst 

deposition, most of the vapors will be striking the substrate surface and very few vapors will 

strike the catalyst droplet surface. A large flux of vapors on the substrate surface can then 

lead to asymmetric growth of nanostructures due to surface diffusion of vapors from the 

substrate surface. It can therefore be concluded from the AFM images that the probability of 

the vapor flux to strike the surface of the droplet was low in 0.5 nm thick catalyst coated 

sample whereas the probability of the flux landing on the droplets was very high, close to 1, 

samples with the catalyst thickness of 30 nm. This, in turn, affected the accommodation of 

vapor species in the catalyst droplets and consequently affected the dimensions of the 

nanowire. The AFM images of catalysts were also used to estimate the density of the 

nanowires. 

 

4.3.2. ZnS nanostructures morphology: 

Figure 4.2 (a-c) shows the SEM images of the 1-D nanostructures grown using (a) 

0.5, (b) 1.0 nm and (c) 30 nm, Au thicknesses.  

 

 

Figure 4.2:   SEM images of ZnS nanostructures grown at 850 
o
C (a) nanobelts grown with 

0.5 nm Au as catalyst (b) nanobelts grown with 1 nm Au as catalyst (c) 

nanobelts grown with 30 nm Au as catalyst.  

 

With 0.5 nm Au thickness, asymmetric large belt like structures were grown with average 

widths, lengths, and thicknesses of 12.0 (± 5.0) µm, 100 µm, 250 nm, respectively as shown 

in Figure 4.2(a). Fang et al. have also reported the morphology of the synthesized ZnS 

product as belt like using Au as catalyst [14]. The asymmetric belt like structures observed 

in the VLS growth was probably due to surface diffusion of the vapors (Zn or S) from the 

substrate surface to the belts along their growing direction. This confirmed that a high 
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supersaturation condition was achieved and the vapor species that landed on the substrate 

surface had high Gibbs free energies which resulted in high rate of surface diffusion. 

It has already been shown that the surface diffusion can be modulated by varying the 

supersaturation conditions (which actually affects the flux of the Zn and S vapors). This 

situation is depicted in Figure 4.3.  

 

  

Figure 4.3: A comparison of the surface diffusion between (a) 0.5 nm and (b) 30 nm Au as 

a catalyst. 

 

It was clear from the AFM images that the surface coverage was low for low Au 

deposition and was close to one for high deposition. This means that for low surface 

coverage catalyst deposition, most of the vapors will be striking the substrate surface and 

very few vapors will strike the catalyst droplet surface. A large flux of vapors on the 

substrate surface can then lead to asymmetric growth of nanostructures due to surface 

diffusion of vapors from the substrate surface, as shown in Figure 4.3 (a).  

Another intriguing observation is the absence of catalyst droplet at the free end of 

nanobelts. It was assumed that this was due to high solubility of the small sized catalyst 

droplet, a situation that is explained later. This was confirmed by XPS results and discussed 

in the section 4.3.5.  

Belt like structures were also observed in the case of 1 nm thick Au catalyst layer.  

The belts with average widths, lengths, and thicknesses of 5.0 ± 1.5 µm, 40 µm and 150 nm, 

respectively, were grown as shown in Figure 4.2(b). The structures were uniform compared 



58 
 

to those observed in the case of 0.5 nm Au synthesized nanostructures. This showed that the 

vapors exposed to the substrate surface were considerably reduced as the catalyst droplets 

density and sizes increased, which improved the substrate surface coverage.  

In the growth using 30 nm thick Au layer, ultra long belt like structures were 

observed with average widths, lengths, and thicknesses of 2.0 ± 0.2 µm, 50 µm, and100 nm, 

as shown in Figure 4.2(c). The dimensions of nanostructures were quite uniform and the 

density was very high as compared to those obtained in the case of 0.5 nm and 1.0 nm 

catalysts. Nanobelts were highly symmetric, which showed that the probability of vapors 

arriving at the substrate surface was extremely low due to very high surface coverage. 

  

4.3.3. Solubility of catalyst: 

Low magnification SEM image of the nanobelts grown with 30 nm thick catalyst 

layer is shown in the inset of Figure 4.4.  

 

 

Figure 4.4: Plot of the Au solubility in ZnS nanowire as a function of radius of the Au 

droplet, inset shows low magnification SEM image of the nanobelts grown 

with 30 nm thick catalyst layer. 

 

The Au droplet was observed at the tip of the 1-D nanostructures, which was not 

observed in the 0.5 nm and 1.0 nm growths. The probable reason was that the droplet size 
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was too large and in VLS mechanism, the solubility of the catalyst in the growing 

nanostructures decreases exponentially with the increase of the radius of the catalyst droplet, 

as plotted in Figure 4.4. After the growth the diameters of the droplet increased from 95 nm 

to 1.4 (± 0.2) µm. Here the droplet seemingly kept its identity but probably in an alloy form 

Au with ZnS. The increase in the droplet size was due to decrease in the surface tension of 

the droplet. When the surface tension decreased, it became difficult for the catalyst droplet 

to maintain its shape and size. 

 

4.3.4. Phase analysis: 

The possible alloying effect of miscibility of Au in ZnS nanostructures was studied 

by XRD.  Figure 4.5 (a–c) shows the XRD patterns of ZnS nanostructures synthesized with 

(a) 0.5 nm, (b) 1 nm, and (c) 30 nm Au catalysts.  

 

 

Figure 4.5: X-ray diffraction (XRD) patterns of three distinct nanostructures with (a) 0.5 nm 

Au, (b) 1 nm Au (c) 30 nm Au catalyst synthesized at 850 
o
C. 
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The XRD patterns showed mixed growth of ZnS Sphalerite (C) and wurtzite 2H (W) 

phases (the dominant phase). It has believed that the 1-D nanostructures which were 

synthesized by diffusion in the catalyst droplet (as VLS mechanism) formed the wurtzite 

phase and the structures that were formed by the VS mechanism formed the sphalerite phase 

[15]. When Zn and S vapors reached the surface of the droplet, they diffused in the liquid 

droplet. Under a high supersaturation condition, when the crystallization of ZnS took place, 

the stacking faults transformed the structure from sphalerite to wurtzite structure. 

The lattice constants of ZnS nanobelts determined were a = 3.813Å and c = 6.254Å 

with c/a 1.639 for 0.5 nm thick catalyst and a = 3.833Å and c = 6.283Å for 1.0 nm thick 

catalyst with c/a of 1.639. In the case of 30 nm thick catalyst, the determined lattice 

constants were a = 3.801Å and c = 6.290Å and the value of c/a was1.655. The increased 

value of c/a for 30 nm thick catalyst indicated relatively fast growth along the c-axis 

compared to the other samples due to pure VLS growth. The average crystallite sizes, 

determined from the Scherrer formula, for the cubic phase were 108±4 nm and 54.49±5.5 

nm for the 0.5 nm and 1 nm catalyst thicknesses, respectively. This was due to difference of 

surface diffusion rate in three substrates, which was highest in 0.5 nm and lowest in 30 nm.   

The ZnSO4 phase was also observed which was possibly due to oxygen desorbing 

from the native SiO2 layer on the Si substrate or when exposed to air after growth.  Most 

probably, ZnSO4 is formed during the growth.  It is interesting to note that no ZnO related 

peaks was observed in the XRD patterns. A peak due to Au2S was also observed at around 

2θ = 44
o
 for 0.5 nm, 1 nm and 30 nm Au thicknesses, whose intensity dropped significantly 

with increase in the catalyst layer thickness (from 5.5%, to 1.3 %). Thus, the increase in the 

Au catalyst droplet diameter caused a considerable drop in the concentration of Au in the 

nanobelts. Carlino et al. have also shown the solubility of Au catalyst having thickness of 

0.5 nm in the ZnSe nanowires [16].   

In short, the XRD results have shown the formation of minority phases like AuS2 and 

ZnSO4. The relative intensities of the peaks from these phases dropped significantly with 

increase in the catalyst size. These compounds perhaps were formed on the surface of the 

nanostructures and XPS was performed in order to determine the concentration of these 

phases on the surface of nanostructures.  
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4.3.5. Elemental analysis by XPS: 

XPS was performed to determine the chemical composition of minority phases 

(Au2S, ZnSO4). Figure 4.6 (a-c) shows the XPS spectra of Au 4p
3
 (energy) and O 1s 

(energy) peaks for the (a) 0.5 nm, (b) 1 nm and (c) 30 nm Au catalyzed nanostructures. The 

XPS peak located at 542 eV was due to 4p
3
 level of Au [17]. The oxygen peak was observed 

at 533 eV and was related to SO4. The spectra were resolved by fitting the multi Gaussian 

line shapes to determine the exact positions and intensities of the peaks.  

 

     

Figure 4.6: Plot of oxygen and gold XPS peaks emerging from (a) 0.5 nm, (b) 1 nm and (c) 

30 nm Au thick catalyzed ZnS nanostructures. 

 

A strong signal from Au was only observed from ZnS nanostructures grown with 0.5 

nm and 1.0 nm catalyst thicknesses, while it was not observed in the 30 nm Au catalyzed 

ZnS nanostructures. Since XPS is a surface sensitive technique, it showed that the solubility 

of the catalyst droplet was high for 0.5 nm and 1.0 nm catalyst thickness. There was no 

catalyst particle was observed at the tip of nanostructures whereas for the 30 nm Au catalyst, 

the solubility was quite low and the liquid droplet was observed at the tip of almost every 1-

D structure (inset of Figure 4.4). The absence of droplet in 0.5 nm catalyst was an indication 
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of high solubility of Au in ZnS. When the catalyst thickness was 30 nm, the solubility was 

low and the catalyst droplet at the tip of the nanowires was observed.  

The oxygen peak analysis revealed that oxygen was present in the form of ZnSO4 

and ZnO. The quantitative analysis of ZnSO4 was very interesting. XRD analyses showed a 

drastic drop in the quantity of ZnSO4 from almost 20% to 2% for 0.5 nm to 30 nm, 

respectively. On the other hand, XPS analysis showed that ZnSO4 increased from 19% to 

30% for 0.5 nm to 30 nm, respectively. This showed that the probability of ZnSO4 to form 

on the surface of the nanostructure was high. The observation of ZnO in the XPS confirmed 

that most of ZnO was present only on the surface and that was probably due to existence of 

Zn dangling bonds available for oxygen and nanostructures were exposed to air. For the 30 

nm Au thickness substrate, the adsorbed oxygen peak was also observed which was attached 

to the Zn terminated site in the Wurtzite structure. The concentration of Au in the case of 0.5 

nm catalyzed nanostructures was almost 19% while it was 14% in the case of 1.0 nm 

catalyzed nanostructures. This concentration should not be confused with the concentration 

obtained from XRD as this showed concentration on the surface, which was only a few 

percent of the nanostructures. Au was not observed in the case of 30.0 nm catalyzed 

nanostructures.  

The elemental analysis of Zn for the 0.5 nm and 1 nm Au catalyzed nanostructures 

also confirmed the occurrence of surface diffusion; and part of the observed Zn peak was 

related to ZnSO4. For the 30 nm Au catalyst, the observed peak comes from pure ZnS. The 

other peaks for Zn are due to the loss peak which shows that the Zn is not on the surface and 

the Zn in the ZnS material acting as a reactive agent and oxygen adsorbed on the surface at 

the Zn terminated site. The elemental analysis of sulfur showed its presence in both 

elemental and ZnS, with ZnS being the dominant. It is also interesting to note that ZnO was 

not observed in the XRD patterns confirming that ZnO was not formed in the core and only 

when ZnS nanostructure was exposed in air after growth, oxygen adsorbed to the surface to 

form ZnO. However, ZnSO4 was formed during the growth as it was detected both by the 

XRD and the XPS. The present emphasis was on the role of Au dissolution during the 

growth, which could have actually led to doping of the nanostructures.   

The XPS results confirmed the dissolution and solubility of the catalyst droplet into 

the nanostructures. During the growth of nanowires, variation in the concentration of Au 
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was strongly observed with the change in the size of the catalyst droplet.  XPS results also 

confirmed variation in the surface diffusion with the increase in droplet size and density. 

   

4.3.6. Thermodynamical modeling:  

In the following, thermodynamic calculations are presented to determine the 

accommodation of Au either in the bulk or on the surface based on the size of the Au 

catalyst droplet. The solubility S of the particle in a medium is calculated as [18]. 

 

        
   

   
                            Eq (4.7) 

 

Where σ is the surface tension, V is the volume of the metal molecule, k is the Boltzmann’s 

constant, and T is the melting temperature in the bulk phase, and S0 is the solubility in the 

bulk material, defined as the ratio of the amounts of the solute and the solvent, which can be 

calculated by using:  

 

     
     

  
                                   Eq. (4.8) 

 

Thus, the solubility of Au in ZnS nanowire calculated using Eq. (4.7) showed that it was 

high when the Au droplet radius was small and then dropped asymptotically with the 

increase in the droplet radius, as shown in Figure 4.4. This was consistent with our findings 

so far.  The next step was to determine the location of Au doping in the nanostructures. 

 

4.3.7. Location of self dopant: 

It is also important to note that the Au was primarily found on the surface, as 

determined from the XPS analysis. The Gibbs free energy was calculated using Eq.s (4.1) 

and (4.6) for nanoparticles and nanowires to estimate the surface doping and the core 

doping, respectively. The value of     for use in Eq. (4.6) was calculated using [19]: 
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                                               Eq. (4.9) 

 

Where B is a constant, C is the latent heat of melting and T is the temperature. The bond 

energies for Zn-S is 2.12 eV and for Au-S is 4.33 eV, the difference in the the two, (   , is 

2.21 eV. As has been observed, ZnS is found in two distinct crystal structures, Wurtzite and 

zinc blende. Thus, for wurtzite structure, β is 12 for the core atom and 9 for the surface 

atom, while for the zinc blend structure, β is 12 for the core atom and 8 for the surface 

atoms. 

The Change in Gibbs free energies due to addition of dopant were calculated 

supposing that a single impurity atom (d = 1) was at an arbitrary location “a” as shown in 

the Figure 4.7. Two possibilities were considered here: (i) the impurity atom could move 

towards the surface of the wire along the radial direction and come on the surface; (ii) the 

impurity atom could move along the length of the wire and remain in the bulk, as shown in 

Figure 4.7(b).  

 

 

 

Figure 4.7: (a) Plot of calculated Gibbs free energies on adding an Au impurity atom in ZnS 

bulk and surface atoms (solid lines) for wurtzite and zinc blende phases of ZnS. 

The solid points represent the calculated Gibbs free energy for blended ZnS 

nanostructure with both phases as determined from XRD. 
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For the surface doping, the strip of the wire with radius r and δh the length equal to 

one unit cell was considered and treated as a spherical particle for use in Eq. (4.1). For the 

core doping, Eq (4.6) was used to calculate the Gibbs free energy with assumed length of 

1000 nm and with varied radius. Figure 4.7(a) shows the plot of Gibbs free energies 

calculated for surface and core doping on adding a single impurity atom (d = 1) as a function 

of number of host atoms. The bottom (upper) horizontal axes represent the number of 

surface (bulk) atoms. The left vertical axis represents change in the Gibbs free energy for 

both surface and core atoms. The change in Gibbs free energy for an impurity atom to be 

incorporated in the core was high compared to its incorporation on the surface when number 

of atoms was small. Therefore, when the size of the droplet was small, the probability of its 

incorporation on the surface was high as opposed to when it was large and was preferentially 

incorporated in the bulk. The crossover between the two took place when the ratio of atoms 

in the bulk to the surface is around 10
3
. The solid symbols in the Figure 4.7(a) represent the 

experimental points considering the percentage presence of Wurtzite and Zinc blende 

phases. It can be seen that the Gibbs free energy was low and supports the surface doping 

whereas when the number of atoms is large, accommodation of Au in core was preferred. 

The high value of ΔG/kT shows that it was very unlikely to dope Au in the ZnS 

because of the high bond energy difference, 2.21 eV. However, it is known that the 

solubility has a high value when the size of the particle is small. This was due to the 

increased surface tension of the particle. With the increase in the diameter of the droplet it 

became difficult for the impurity atom to diffuse to the surface and thus it stayed in the core. 

From the above discussion, it was concluded that the asymmetric nanostructures can 

be synthesized by carefully controlling the surface diffusion on the substrate. Motivated by 

these results, tapered nanostructures were successfully synthesized, as discussed below in 

details. 

  

4.4. Tapered ZnS nanostructures: 

Target was to synthesize sharp edged (tapered) 1-D nanostructures having controlled 

tapering for better field emission characteristics. By using a vapor liquid solid (VLS) mode 

of growth, this objective was achieved by careful control on the density and sizes of the 
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catalyst nanoparticles. These were controlled by varying the thickness of the catalyst (Au) 

thin film and growth temperature. It is not trivial to master the control on the morphology of 

the growing nanostructures because the growth process is very complex due to numerous 

unseen mechanisms taking place during growth. Using thermal evaporation technique, 

morphology of the ZnS nanostructures can be changed from nanodots to nanorods, to 

nanowires, to nanobelts, and to nanosheets by changing the growth temperature and carrier 

gas flow rate, but the growth of tapered nanostructures is quite difficult and complex. A 

novel way was used to synthesize 1D tapered ZnS nanostructures under an efficient control 

on the extent of their tapering by tuning the carrier gas flow and surface diffusion which is 

the result of minimization of Gibbs free energy. 

 

4.4.1. Experimental section: 

1 nm Au (catalyst) thin film was deposited on Si substrate by an e-beam evaporator 

at room temperature. The Au coated substrates were then placed in a central zone of a 

horizontal tube furnace along with 99.99% pure ZnS powder (1 g) in an alumina boat placed 

at the center of the tube. In the two types of growth experiments, ZnS powder was heated to 

1120 
o
C and 1000 

o
C, and the substrates were kept in the downstream, as shown in Figure 

4.8.  

 

 

Figure 4.8: Experimental setup for two growth experiments.   

 

N2 gas was used as carrier gas to transport the evaporated flux from the ZnS boat to the Si 

wafers. The flow rate of the carrier gas was maintained at 50 Sccm for each experiment.  
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4.4.2. Flow dynamics:  

In order to observe the effect of gas flow dynamic conditions on the growth of 

nanostructures, specific experimental settings of growth collection substrates for  the two 

experiments were developed, are shown in Figure 4.8. In the two experiments the 

temperature was different, so the dynamic viscosity, density of (gas, vapor species) and 

kinematic viscosity changed, which thus affected the Reynolds number. The characteristic of 

flow (either laminar flow, or turbulent flow) can be determined by the Reynolds number and 

given by [20]: 

 

   
   

  
                                                       Eq. (4.10) 

 

Q is the volumetric flow rate, D is the diameter of the tube, ρ is the density of the gas, µ is 

the dynamic viscosity and A is the area of cross section. The dynamic viscosity is purely 

temperature dependant quantity and for the two different temperatures, 1120 
o
C and 1000 

o
C 

its value is 5.14×10
-5

 kg/m.s and 4.85×10
-5

 kg/m.s, respectively [21]. The density of gas has 

direct relation with temperature and pressure. The density of nitrogen gas at 0 
o
C and at 1 

atm pressure is 1.25 kg/m
3
 and for 1120 

o
C and 1000 

o
C, ρ was calculated as 0.0242 kg/m

3
 

and 0.0265 kg/m
3
, respectively. 

By considering that nothing was blocking the gas in the tube, and the diameter of the 

tube was 0.036 m and the area of cross section, A= π(0.018)
2
=1.02×10

-3
 m

2
, the volumetric 

flow rate was 50 Sccm = 50 cm
3
/60s = 8.33×10

-7
 m

3
/s.  Then the calculated Re number was 

1.4×10
-2

 and 1.62×10
-2

 for 1120 
o
C and 1000 

o
C, respectively. Since, the flowing gas vapors 

were the mixtures of nitrogen and ZnS vapor, the total maximum vapor density 

approximated in the tube was 1.85 kg/m
3
.
 
This means that the Re number was less than 1.07 

and 1.12 for 1120 
o
C and 1000 

o
C, respectively. This number was much smaller than the 

threshold number: 2300, which distinguishes a laminar flow from a turbulent flow. So the 

flow was purely laminar, but on the way, alumina boats were placed containing the 

substrates. The height of the boat was 0.6 cm and it located 1.6 cm away from the bottom of 

the tube. Such conditions created a blocking situation. It is known that when a gas flowing 

in a pipe encounters the entrance divergence, abrupt enlargement, or the entrance blocking 

situation, a laminar flow characteristic could change to a turbulent flow locally due to the 
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dominant gas–solid entrance wall boundary friction effect [22]. The gas flow was blocked 

by the alumina boat and may change the flow from laminar to the turbulent one.  

The typical characteristic of the turbulent flow is that its velocity profile is flat, i.e. 

throughout the cross section of the tube the velocity is the same, so that in the turbulent flow 

the velocity of the vapor species is uniform [23]. For the second sample, the blocking 

situation happened twice, which helped the vapor species to move at more uniform velocity. 

Hence, vapor species with uniform motion that strike on the surface of deposition substrate. 

From the above discussion it is concluded that the tapering can be achievable on the 

substrate under the low surface coverage, small density and small sized catalysts droplets 

(section 4.3.1) while having uniform velocity of a vapor flux. 

 

4.4.3. Growth of tapered nanobelts: 

Figure 4.9 (a–c) shows the FESEM micrographs of ZnS nanostructures synthesized 

in the first experiment. Low- and high-magnification FESEM images show that very tens of 

micrometers long dense tapered nanobelts with an average tip diameter in the range of 

150±10 nm and an average width of ~1 µm were obtained, as shown in Fig.4.9 (a-b).  

 

 

Figure 4.9: (a) Low-magnification FESEM image and (b & c) high-magnification FESEM 

images of tapered nanobelts synthesized in first experiment.  

 

The growth of nanobelts in this experiment suggested that the growth temperature 

and supersaturation conditions were very high. Fang et al. has also reported that in the 

growth of Au catalyzed ZnS nanostructures, at high temperature and small distance between 

the source and the substrate the morphology of a synthesized product was belt like. Figure 
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4.9(c) shows high magnification SEM images of the single nanobelt having catalyst droplet 

at the tip-end indicating the pure VLS growth.  

Figure 4.10(a) shows the TEM image of a single tapered nanobelt indicating that 

nanobelts have rectangular cross section. Figure 10(b) shows the HRTEM image of an 

individual nanobelt revealing that the nanobelt was a single crystal with the [100] growth 

direction. A selected area electron diffraction (SAED) pattern further confirms that the 

growth direction is along [100] orientation, as shown in the inset of Figure 10(b).  

 

 

Figure 4.10: (a) TEM (b) HRTEM images of tapered nanobelts. The inset in the HRTEM 

image displays the selected area electron diffraction (SAED) patterns from the 

respective regions. 

 

The energy dispersive X-ray spectrum (EDS) is shown in the Figure 4.11(a). This 

confirmed that the nanobelt has a stoichiometric 1:1composition of Zn and S, (the Cu signal 

comes from the grid).  

 

 

Figure 4.11: (a) The energy dispersive X-ray spectrum of a single nanobelt. (b) XRD 

pattern of tapered ZnS nanobelts. 

 

Figure 4.11(b) shows XRD pattern of the ZnS tapered nanobelts. All the diffraction peaks 

were identified to the hexagonal wurtzite 2H structure of ZnS with the lattice parameters 



70 
 

a=3.82Å and c=6.26Å, in a good agreement with the literature (JCPDF card number 05-

0492). No other characteristic peaks of any other phases and materials were observed in the 

measured range. The sharpness of the peaks reflects the good quality of the sample. XRD 

spectrum showed a strong peak of [100] which also confirmed the growth direction, in 

accordance with the HRTEM results. 

 

4.4.4. Growth of tapered nanowires: 

Figure 4.12 (a–c) shows the SEM micrographs of ZnS nanowires synthesized in the 

second type of experiments. A low- and high-magnification FESEM images showed that 

tens of micrometers long dense tapered nanowires with an average diameter in the range of 

60 ± 5 nm and the tip neck diameters of 40±3 were obtained, as shown in Figure. 4.12 (a-b).  

 

 

Figure 4.12: (a) Low-magnification FESEM image and (b & c) high-magnification FESEM 

images of tapered nanowires synthesized in second experiment.  

 

This shows that high supersaturation conditions were achieved, since the growth rate 

of nanowires depends on such conditions, which were controlled by the tunable gas flow 

rate. Figure 4.12(c) shows high magnification SEM image of the nanowires. Considerations 

of the contact angle between the droplets and the nanowires can help to estimate the strength 

of the surface tension of the small droplets as their shape was retained. Figure 4.13(a) shows 

the TEM image of a single tapered nanowire with a diameter of 62 nm and the neck 

diameter of 41 nm. The HRTEM image displays the lattice fringes of the nanowire and it is 

clear that it was a single crystal with the [100] growing direction, as shown in Figure 

4.13(b). A SAED pattern further confirms that the growth direction was along [100], as 

shown in the inset of Figure 4.13(b).  
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Figure 4.13:  (a) TEM (b) HRTEM images of tapered nanowires. The inset in the HRTEM  

image displays the selected area electron diffraction (SAED) patterns. 

 

Figure 4.14(a) shows the energy dispersive X-ray spectrum (EDS) from the tip of the 

nanowire and it indicated that tip of the nanowire was Au-Zn alloy, (the Cu signal came 

from the grid). Figure 4.14(b) shows the TEM image of corresponding nanowire. 

 

 

Figure 4.14: (a) The energy dispersive X-ray spectrum at the tip of a single tapered     

nanowire, (b) TEM image with corresponding region. 

 

The synthesized nanostructures in two experiments have [100] growth direction In 1
st
 

growth experiment the substrate temperature was high and thus the formation of nanobelts 

was favorable due to activation of growth in low energy [001] plane. In 2
nd

 growth 

experiment, due to low substrate temperature, lateral growth was forbidden and wire like 

morphology was obtained.  

The tip diameters of nanostructures varied in the two experiments were due to the 

change in temperature and variations in the flux velocity. At the high temperature, the size 

of the catalyst droplet increased due to Ostwald ripening. This resulted in the large tip 

diameters and low densities of the droplets. From the SEM images it is clear that the density 

of nanobelts is low as compared to nanowires, because the growth temperature of nanowires 
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was lower as compared to that of the nanobelts. At the high temperature and near to the 

source, the surface diffusion rate was high which resulted in enhanced tapering and large 

size structures. For the second experiment, low temperature and more uniform flux of vapor 

species leaded to small diameter and the surface diffusion was controllable. 

 

4.5. Summary: 

In this chapter, effect of different droplet radii of Au catalysts on the ultimate 

morphologies and phases of ZnS nanostructures were presented. From AFM analysis, it was 

observed that the surface coverage was low for low Au deposition and was close to one for 

high deposition. The low surface coverage of catalysts on the substrates led to the growth of 

asymmetric nanobelts due to diffusion of adsorbed vapors on the substrate. A high density of 

catalyst droplets led to symmetrical nanowires, as confirmed by SEM images. 

Thermodynamical approach showed that the size of the catalyst droplet was very important 

in its miscibility in the nanostructure. Despite of large bond energy difference between the 

bonds of Zn-S and Au-S, the solubility was high in the ZnS nanobelts when the Au droplet 

size was the smallest as confirmed by the quantitative analyses of the XRD and XPS data. 

The solubility dropped drastically when the Au droplet radius increased. The 

thermodynamic model provided the qualitative as well as quantitative results about the 

doping site (bulk or surface) of the catalyst in the nanowire, which were in good agreement 

with the experimental findings. In addition to that high quality ZnS tapered 1D 

nanostructures were also successfully synthesized for enhancement of field emission. Vapor 

liquid solid (VLS) growth mode was used after having careful control on the size of catalyst 

and growth temperature. Morphological and structural characterizations were undertaken to 

check the effect of growth conditions. 
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Chapter 5 

Essential role of a catalyst in VLS growth 
 

5.1 Introduction: 

The catalyst droplet has a strong influence on the size and geometry of 

nanostructures. It has been demonstrated that the catalyst not only takes part in initializing 

the growth of nanostructure but it also simultaneously dopes the nanostructure [1-3]. The 

doping rate actually competes with the growth rate of nanostructures in VLS mechanism [4]. 

Generally VLS mechanism can be explained by four major steps: (1) mass transport of 

growth species by carrier gas, (2) chemical reaction on the catalyst surface, (3) diffusion 

through the catalyst droplet, (4) crystallization of growth species at liquid-solid interface. An 

understanding of the physical mechanisms responsible for affecting the growth rate and the 

doping rate as a function of growth parameters is essential to synthesize and dope it 

uniformly in a controlled manner.   

Au is the most frequently used catalyst for growth of nanowires due to its high 

thermal stability, low vapor pressure at elevated temperatures, high enough surface tension 

in the form of Au-Si alloy. All of these advantages are balanced by one major drawback 

associated with Au catalyst, i.e., Au catalyst creates deep level defects in semiconductors, 

particularly in ZnS nanostructures. This affects the optical properties of nanostructures and 

makes it incompatible with industrial electronic productions standard [5]. In order to 

eliminate this shortcoming alternative catalysts have been used, which created efficient 

luminescent centers in the band gap of ZnS but have the similar catalytic effect as that of Au 

in the growth. For example, Mn has been reported to introduce shallow level defects in ZnS 

lattice [6]. 

In this chapter, the effect of catalysts (Au, Mn and Sn) on the growth rate of ZnS 

nanostructures was studied. The morphological view of catalyst droplets and ZnS 

nanostructures was discussed in section 5.3.1 and 5.3.2. X-ray diffraction (XRD) and 

scanning electron microscopy (SEM) were used to determine the phase, shape, size and 

density of the nanostructures. Section 5.3.3 presents that the fundamental parameters 
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dictating the growth rate were activation energies and diffusion coefficients of the growth 

species, supersaturation time, and the activation energy for crystallization of the growth 

species. The crystallization rate was determined for three catalysts (Au, Sn and Mn) to shed 

light on different phenomena occurring for different catalysts, such as solubility.  Section 

5.3.4 presents the structural and compositional study of as grown ZnS nanostructures. The 

doping rate of Au, Mn and Sn are calculated and compared with growth rate to decide the 

better catalyst for different applications, as discussed in section 5.3.5.  

 

5.2 Catalyst deposition and synthesis of ZnS nanostructures:  

Three different catalysts namely, Mn, Au and Sn, 1.0 nm thick were deposited on 

cleaned Si substrates in an vacuum chamber at a typical base pressure of 10
-7

 Torr at room 

temperature. The catalyst coated substrates were then placed in the central zone of a 

horizontal tube furnace along with 4 N pure ZnS powder (0.5 g) in an alumina boat also 

placed at the center of the tube For all growth experiments, ZnS powder was heated to 1120 

o
C and the substrate temperatures were kept at 850 ± 5 

o
C. All growth experiments were 

carried out for 2 hours and the flow rate of the carrier gas was maintained at 20 Sccm. 

Additionally, a few Mn, Sn and Au-coated substrates were heated to the nanowires growth 

temperature in the same sequence but without source vapors to determine the initial size of 

the catalyst droplets for later use.  

The phase diagrams of catalysts with growth species were used to determine the 

suitability of catalyst. Sn as a catalyst would be preferred to Au as it has one deep level 

eutectic in Sn-Zn phase diagram. Almost pure Zn should precipitate from supersaturated Sn-

Zn droplet. On the other hand existence of, many intermetallic Au-Zn phases may lead to 

formation of AuZn compounds in ZnS nanowires. Moreover, Au-S phase diagram also does 

not support for the VLS growth. Mn is used as a catalyst because of its high solubility in 

ZnS nanostructures.   
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5.3 Results and discussion: 

5.3.1. Surface morphology of catalyst droplets: 

VLS mechanism strongly depends on the shape and size of catalyst. Shape and size 

of catalyst depends on the surface energy of catalyst. Prior to growing nanostructures, 

shapes and sizes of the catalyst droplets were determined using AFM in tapping mode in 

ambient. Figure 5.1 (a-c) shows the 3-D AFM topographic images of catalyst droplets 

formed by annealing of three different catalysts (Mn, Au and Sn) with 1 nm thickness, at 

850 
o
C.  

 

 

Figure 5.1:  AFM images of 1nm (a) Mn (b) Au and (c) Sn coated Si substrates annealed at 

850
o
C. 

 

As expected, the droplets were semi-spherical and the measured radii of droplets for Mn, Au 

and Sn were 25±2 nm, 31±2 nm and 50±3 in accordance with surface energy of Mn-Si alloy 

(1.17J/m
2
), Au-Si alloy (0.96J/m

2
) and Sn-Si alloy (0.45J/m

2
) droplet, respectively. The 

surface coverage of Mn, Au and Sn droplets were 21 %, 51 %, and 66 %, respectively. 

 

5.3.2. Morphological study of ZnS nanostructures: 

Figure 5.2 shows the formation of ZnS nanobelts when catalyzed by (a) Au, (b) Mn, 

and (c) nanowires when catalyzed by Sn. The high surface coverage of Sn droplets led to the 

growth of nanowires, while small surface coverage in case of Au and Mn led to the growth 

of nanobelts. The average width and thickness of Au (Mn) catalyzed nanobelts ranges from 

3.6 μm to 7.2 μm (2.3 μm to 5.6 μm) and 156 nm to 300 nm (150 nm to 260 nm), 

respectively. The average radius of Sn catalyzed nanowires ranged from 260 nm to 500 nm.    
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Figure 5.2: SEM images of (a) Mn catalyzed ZnS nanobelts (b) Au catalyzed ZnS nanobelts 

(c) Sn catalyzed ZnS nanowires. 

 

The size and morphology of the nanostructures would help to determine the growth 

rate of the (Mn, Au and Sn) catalyzed ZnS nanostructures. The dimensions of the catalyst 

droplets and the ZnS nanostructures will be used in the thermodynamical equations for the 

calculations of growth rate and doping rate.    

 

5.3.3. Effect of catalyst surface tension on thermodynamics: 

Nanowires growth rate was determined by calculating the rate of diffusion of growth 

species through each type of droplet and the rate of condensation of adatoms at the droplet-

solid interface [7]. The two rates strongly depended on activation energies of diffusion of 

growth species in the droplet and the activation energy for crystallization at the LS interface. 

The diffusion coefficients were calculated for the Zn and S vapors in Mn, Au and Sn by 

using relation [8]: 

 

   
 

 
       

   

  
 ,                                                  Eq. (5.1) 

Where ‘a’ is the lattice constant of Mn, Au and Sn, ‘υ’ is vibrational frequency (10
12

 hertz) 

of ZnS lattice, T is the growth temperature, k is the Boltzmann constant, activation energy of 

diffusion of growth species in the catalyst can be calculated as [9]:
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                                                                    Eq. (5.2) 

 

Here, n (= 16 for metals) is a constant, ΔS is melting entropy of ZnS, Tc is the eutectic 

temperature of Mn-Si (1040°C), Au-Si (363°C) and Sn-Si (221°C) alloy droplet, 

respectively.  

 

 

Figure 5.3: Diffusion activation energy (left) and diffusion coefficient (right) of Zn and S 

versus surface energy in Mn, Au and Sn droplet. 

 

Figure 5.3 shows the diffusion activation energy of Zn and S in the catalyst droplet, 

which was large in Mn and small in Sn compared to Au, as calculated by using Eqs 5.1 and 

5.2. Consequently, diffusion coefficient of Zn and S were small in Mn and high in Sn than 

Au droplet. Activation energy for diffusion also depends on the eutectic temperature of the 

catalyst-substrate alloy droplet. Since Sn had the lowest eutectic temperature with Si, it 

allowed smooth diffusion of growth species through it. On the other hand, Mn showed 

comparatively low diffusion rate.   
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In the heterogeneous liquid solution (as in the case of VLS catalyst droplet) 

incorporation of an atom changes the concentration of accommodated species in the 

solution. While in the case of homogenous solution, the addition of atom leads to increase in 

volume of liquid. This implied that the concentration of growth species were maximum in 

Sn droplet and minimum in Mn droplet. With the increase in the concentration of the growth 

species, catalyst droplet became supersaturated, where concentration ‘C’ of the growth 

species became higher than the equilibrium solubility Ce of the solute. This led to the 

crystallization process at the LS interface as the chemical potential of Zn and S species in 

the catalyst liquid droplet μl became greater than their chemical potential in the ZnS crystal 

‘μs’, the supersaturation is written as 

 

   
    

  
     

 

  
                                                 Eq. (5.3) 

Supersaturation is the crystallization driving force, where  

 

        –                                                      Eq. (5.4) 

 

It was found that the concentration of growth species was high in Sn droplet and low in Mn 

droplet compared to Au.  This can be summarized by the condition ηSn › ηAu › ηMn , or (Ce)Mn 

› (Ce)Au › (Ce)Sn. From the diffusion coefficient, the characteristic time at which the 

supersaturation reached the steady state at the LS interface was estimated by taking into 

account the size of the catalyst droplet. Assuming that the characteristic time strongly 

depended on the height of the droplet and is given by [10]:  

 

                                                                    
  

   
                                                        Eq. (5.5) 

Where H is height of the droplet and D is diffusion coefficient. The characteristic time is 

plotted in Figure 5.4, which shows that time was the lowest for Zn and S vapors to saturate 

the Sn, hence the probability of crystallization of ZnS at the LS interface was maximum. 
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Figure 5.4: Characteristic time at which the supersaturation reached the steady state at the 

LS interface as a function of surface energy. 

 

The solution with higher equilibrium solubility Ce had the capacity to dissolve more 

material as in the case of Mn, so it took more time to achieve the condition of 

supersaturation and initiate the crystal growth at LS interface. Thus the growth rate of Mn 

catalyzed ZnS nanostructures was the lowest.  

         The growth rate of nanowires and nanobelts are related to the activation energy of the 

crystallization by the following relation, 

 

                
     

   
                                              Eq. (5.6) 

 

Where υ(T) is the growth rate of nanowires/nanobelts, γ is the supersaturation, α is the pre-

exponential factor, Ecry is the activation energy for crystallization, kB is the Boltzmann 

constant and T is the growth temperature. The most important step was the determination of 

the activation energy for crystallization which was obtained by plotting the Arrhenius plot of 

the growth rate [11] shown in the Figure 5.5. 



81 
 

 

 

Figure 5.5: Growth rate of ZnS nanostructures catalyzed by Mn, Au and Sn as a function of 

inverse of temperature. 

 

The activation energy for crystallization for Mn was high and for Sn was low 

compared with Au.  If Arrhenius plots of two systems have same slopes it means rate 

limiting steps for both systems same. Slope of Au and Mn catalyzed ZnS nanostructures is 

almost same and that of Sn is slightly different which shows that rate limiting steps for Sn 

catalyzed nanostructures were different from Au and Mn catalyzed ZnS nanostructures. This 

was because the growth of Sn catalyzed ZnS nanostructures was governed by only VLS 

mechanism and that of Au and Mn catalyzed nanostructures was due to the contribution of 

both VLS and VS mechanism.  

In actual, the crystallization rate depends on the concentration of vapor species, 

growth temperature and the Gibbs free energy of nucleation as given by [12]: 

 

               
     

  
                           Eq. (5.7) 

Where, 

     
    

                      

           
                                         Eq. (5.8) 
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Where n
2
2πD is a normalizing factor equal to the flux of atoms approaching critical nucleus, 

r
* 

is the radius of critical cluster, Δφ* is the change in the Gibbs free energy of nucleation, 

σab is interface energy between ZnS clusters and (Mn, Au and Sn) catalyst droplet, σas is 

interface energy between ZnS cluster and Si substrate and σbs is interface energy between the 

catalyst and Si substrate and η is the supersaturation in the droplet. Figure 5.6 shows the 

crystallization rate of ZnS nanostructures as a function of catalyst surface energy. 

 

 

Figure 5.6: The crystallization rate of Mn, Au and Sn catalyzed ZnS nanostructures as a 

function of surface energy. 

 

The Gibbs free energy as determined from Eqn. (5.8) was found high for Mn and low 

for Sn. Thus, the activation energy barrier for crystallization was large in Mn and small in 

Sn droplet. From the above discussion, it is apparent that necessary parameters for the 

growth of ZnS nanowires favored Sn as a catalyst for a faster growth. This was due to low 

eutectic temperature, which reduced the activation energy for diffusion. Furthermore, Sn had 

low equilibrium solubility, which helped to achieve the supersaturation condition in 

comparatively shorter time. At the LS interface, activation energy required for the 

crystallization also favored the Sn catalyst for growth of ZnS nanostructures.  



83 
 

In the case of nanobelts, axial growth was driven by VLS and side facets growth was 

driven by the VS mechanism, so the growth rate was calculated by adding the contribution 

of the both modes [13, 14]. The growth rate of side facets were calculated by using; 

 

                                 
  

  
   

      

      
     

 

 
    

      

       
                                  Eq. (5.9) 

 

Where α denotes the accommodations coefficient, σ represents the supersaturation of 

growth specie on droplet, m is the atomic weight of impinging growth species, ΔHeva is 

enthalpy of evaporation of growth species. And axial growth rate was determined by [15]; 

 

 
 

  
  

   
 

 

  
 

   
     

 

 
 

 
                                      Eq. (5.10) 

 

 

Figure 5.7:  Growth rates of Mn, Au and Sn catalyzed ZnS nanostructures as a function of 

surface energy of the catalyst droplets. 

             Finally, growth rates of Mn, Au and Sn catalyzed ZnS nanostructures (nanobelts for 

Mn and Au and nanowires for Sn) are plotted as a function of surface energy of the catalyst 
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droplets in Figure 5.7, which clearly indicated that the growth rate of Sn catalyzed 

nanowires was faster than Au and Mn catalyzed nanostructures.      

   

5.3.4. Structure and composition: 

The possible alloying effect of miscibility of catalysts in ZnS nanostructures was 

explored from the diffraction studies as shown in Figure 5.8.   

 

 

Figure 5.8. X-ray diffraction (XRD) patterns of three distinct ZnS nanostructures catalyzed 

with 1nm (a) Mn, (b) Au (c) Sn, and synthesized at 850 
o
C. “C” for cubic phase 

and “W” for wurtzite phase. 

 

Figure 5.8 (a–c) shows the XRD patterns of ZnS nanostructures synthesized with 

1nm (a) Mn, (b) Au, and (c) Sn catalysts. The XRD patterns showed a mixed growth of ZnS 

sphalerite and wurtzite 2H phases (the dominant phase). It was believed that the 1-D 

nanostructures which were synthesized by diffusion in the catalyst droplet (as VLS 

mechanism) form the wurtzite phase and the structures that were formed by VS mechanism 

form the sphalerite phase [16]. Zn and S vapors, on reaching the surface of the droplet, 

diffused in the liquid droplet. Under a high supersaturation condition, when the 
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crystallization of ZnS took place, the stacking faults transformed the structure from 

sphalerite to wurtzite structure. 

The ZnSO4 and Zn2SiO4 phases were also observed which was possibly due to 

oxygen desorbing from the native SiO2 layer on the Si substrate or when exposed to air after 

growth.  Most probably, ZnSO4 was formed during the growth.  It was interesting to note 

that no ZnO related peaks were observed in the XRD patterns. Peaks due to Mn2S in Mn 

catalyzed, Au2S in Au catalyzed and Sn2S3 in Sn catalyzed ZnS nanostructures were 

observed. The quantitative analysis showed that quantity of these phases dropped 

significantly with change of catalyst from 14.2% in Mn catalyzed, 5.9% in Au catalyzed and 

4.2% in Sn catalyzed nanostructures. Thus, the difference in bonding energy of the catalyst 

and host caused a considerable drop in the concentration of the catalyst in the growth of ZnS 

nanostructures.  

In short, the XRD results have shown the doping of the catalyst in ZnS 

nanostructures during growth. The relative concentrations of the doping intensities of the 

peaks from these phases drop significantly with change in the type of the catalyst. These 

compounds perhaps were formed on the surface of the nanostructures. XPS was performed 

in order to determine the nature of the compound and valence state of these phases. 

 

 

Figure 5.9:  High resolutions XPS plots of Mn, Au and Sn emerging from 1 nm (a) Mn, (b) 

Au and (c) Sn, catalyzed ZnS nanostructures. 

Figure 5.9 (a-c) shows the high resolutions XPS plots of Mn, Au and Sn emerging 

from 1 nm (a) Mn, (b) Au and (c) Sn, catalyzed ZnS nanostructures.. The spectra were 
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resolved by fitting the multi Gaussian line shapes to determine the exact position and 

intensities of the peaks. The XPS peaks are labeled at peak positions and corresponding 

level of emission.  Strong signals from the catalysts were observed in all three cases and the 

concentrations of the self doping change with the change of the catalyst. The quantitative 

analysis of the XPS spectra showed that quantity of the doped phases varied significantly 

with change of catalyst from 4.72% in Mn catalyzed, 4.63% in Au catalyzed and 3.03% in 

Sn catalyzed nanostructures. Since XPS is a surface sensitive technique, it showed that the 

solubility of the catalyst droplet was high for Mn catalyzed nanostructures, and the solubility 

was quite low in Sn catalyzed nanostructures. Thus XPS results were in very good 

agreement with the XRD results. 

   

5.3.5. Thermodynamical modeling: 

The XPS results confirmed the solubility of the catalyst droplet in the nanostructures. 

This was a clear indication of the dissolution of catalyst during the growth of nanowires.  

The concentrations of catalysts have shown dependence on the type of the catalyst. In the 

following, thermodynamic calculations are presented to determine the solubility of the 

catalyst as function of their surface energy. The solubility S of the particle in a medium is 

calculated as [17]; 

 

        
   

   
                                                Eq. (5.11) 

 

Where σ is the surface tension, V is the volume of the metal molecule, and S0 is the 

solubility in the bulk material, defined as the ratio of the amounts of the solute and the 

solvent.  

 



87 
 

 

Figure 5.10: Plots of the catalyst solubility in ZnS nanowire as a function of radius of the 

catalyst droplet for three catalysts, Mn, Au and Sn.  

 

Thus, the solubility ratio (defined as the ratio of solubility in the nanoparticle to the 

solubility in the bulk) of catalyst in ZnS nanowire calculated using Eq. (5.13) showed that it 

was high when the droplet radius was small and then dropped asymptotically with the 

increase in the droplet radius, as shown in Figure 5.10. This is clear from the graph that the 

solubility of the Mn is very high as compared to Au and Sn while in the case of Sn it drops 

significantly. Solid marks in the Figure 5.10 were the radii for three catalysts droplets as 

determined by using AFM and these helped to find out as how much every catalyst 

dissolved. This was clear from the Figure 5.10 that solubility of Mn catalyzed ZnS 

nanostructures was high and dropped significantly for Au and Sn catalyzed ZnS 

nanostructures. This was consistent with the findings from XRD and XPS.  

 

5.3.6. Self doping of catalysts: 

Self doping of catalysts inside the nanowires is already a known phenomenon; 

however, it is only useful if it could be controlled to the extent of doping and its location in 

the nanostructure. Thermodynamic approach (self doping model) was used to calculate the 

accommodation of catalysts either in the body of the nanostructure or on the surface based 
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on two parameters: (i) the bonding energy difference of the catalyst with the host lattice and 

(ii) the catalyst size. The change in Gibbs free energy of the ZnS nanowire by adding a 

single impurity atom is given by: 

 

  

   
 

  

   
 

   

   
                                            Eq. (5.12)                                      

 

Where β is the number of bonds per impurity atom substituted, ΔU/kBT is the normalized 

energy difference per bond and for the ZnS and Au-S = 2.21eV while for the Mn-S = 

0.99eV and for the Sn-S = 2.69eV.  gM is the difference in the Gibbs free energy while 

adding one catalyst atom in a pure ZnS crystal.  

 

                                                      Eq. (5.13) 

 

Where B is a constant, C is the latent heat of melting and T is the temperature. 

 

 

Figure 5.11: Plot of calculated Gibbs free energies on adding an Au, Sn and Mn impurity 

atom in ZnS bulk and surface atoms (solid lines). Arrows show the crossover 

between the surface and bulk doping sites took place at different ratios of bulk 

to surface atoms of ZnS.  



89 
 

Figure 5.11 shows the plot of Gibbs free energy calculated for surface and core 

dopings on adding a single impurity atom (d = 1) as a function of number of host atoms 

based on the arguments already discussed in chapter 4. The bottom (upper) horizontal axes 

represent the number of surface (bulk) atoms. The left vertical axis represents the change in 

the Gibbs free energy for both surface and bulk atoms. The solid symbols represent the 

experimental points for doping of Mn, Au and Sn atoms in ZnS nanostructures. It can be 

seen that the Gibbs free energy supported the surface doping for Au and Sn, whereas bulk 

doping was preferred for Mn. Interesting observation in Figure 5.11 is the crossover between 

the surface and bulk doping sites took place at different ratios of bulk to surface atoms of 

ZnS, i.e., at around 10, 10
3
 and 10

4
 for Mn, Au and Sn, respectively. This showed that Mn 

strongly tended to dope in the bulk as compared to Au and Sn with the increase in the size of 

the catalyst.           

        

5.4 Summary: 

In conclusion, the growth rate for Sn, Au and Mn catalyzed ZnS nanostructures 

showed dependence on the activation energy of diffusion in the catalyst, supersaturation in 

the catalyst and the activation energy of crystallization of the growth species at the LS 

interface. A catalyst with low values of equilibrium solubility, eutectic temperature and 

vapor pressure may be used for obtaining high growth rate. In the case of Au, Mn and Sn, 

the growth rate of Sn catalyzed ZnS nanostructures was the highest and Mn catalyzed ZnS 

nanostructures was the lowest. It may be concluded that Sn may be used as a catalyst where 

high growth rate and low temperature synthesis is required. 
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Chapter 6 

Optical and field emission properties of ZnS 

nanostructures 
 

6.1. Introduction: 

6.1.1. Optical properties: 

ZnS has a wide band gap in UV (3.7 eV) and does not emit in the visible, however, it 

showed strong emission bands in the visible range when defective or doped. Incorporation 

of metal ions actually offers an efficient radiative channel by introducing a band gap state in 

the ZnS band gap. Introduction of such a radiative band gap states introduces a competition 

between various radiative routes, which may alter the optical properties of the host material. 

Thus the choice and its location in the host medium is very important to define the radiative 

recombination pathway. PL spectroscopy and PLE has been used for the detection of 

localized defects states in the band gap through radiative recombination and excitation 

mechanism of the carriers. 

The PL spectrum of undoped and doped ZnS nanostructures showed some emission 

bands at 440 nm and 540 nm, which were assigned to defects produced by S and Zn 

vacancies, respectively [1]. It is also well known that surface defect states are responsible 

for the blue emission at 410 nm [2]. It has been investigated that ZnS nanowires and 

nanobelts have more or less similar PL emission bands. The intrinsic defects like Zn and S 

interstitials and vacancies have large impact on the visible luminescence from the ZnS 

nanostructure. The interstitials and vacancies created by both Zn and S lead to strong 

luminescence in the band gap with varied decay times. The magnitude of these defects could 

either be controlled by annealing the nanostructures in an inert atmosphere [3] or by using 

suitable catalysts, which can dissolve in the nanostructure during growth and monitor the 

intrinsic defects caused by Zn and S [4]. 
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6.1.2. Field emission properties: 

Field emission properties like, turn on field and field enhancement factor strongly 

depend on the shape of the nanostructure. Thus, it is possible to achieve strong field 

emission from a given nanostructure material if it is long, sharp and defect free. Quality of 

the nanostructures is also very important for the good and stable field emission.  

In this chapter, optical properties of Mn, Sn and Au catalyzed self doped ZnS 

nanostructures with different thicknesses of catalysts were discussed. Room temperature 

photoluminescence and Raman spectroscopy were employed to study the variation in the 

emission bands in the visible as a result of different catalysts. The magnitude of emission 

intensities was compared to determine the role of each catalyst in the defect luminescence. 

In addition to this, the effect of size of catalyst on the optical properties was also determined 

and estimated. LO and SO phonon modes were studied to determine the variation in the 

surface potential created as a result of self doping of catalysts on the surface by using the 

dielectric continuum model. The effect of growth conditions and tapering on the quality 

(study of surface and bulk defects) of nanostructures was discussed in detail. Finally, the 

field emission measurements of the tapered ZnS nanostructures were studied and compared 

with other published FE results for ZnS nanowires by different groups around the globe.   

 

6.2. Experimental details: 

Room temperature PL and Raman spectroscopy were used to study the optical 

properties of Au, Mn and Sn catalyzed ZnS nanostructures with different thicknesses. 

Optical properties of tapered ZnS nanostructures at room temperature were also studied. For 

the optical properties measurements at room temperature, a Raman spectrometer (514 nm 

excitation wavelength) and a photoluminescence (PL) spectrometer (He-Cd laser with 

excitation wavelength of 325 nm) were used. The field emission properties of tapered ZnS 

nanostructures were studied at room temperature in a high vacuum chamber (4 × 10
-6 

Pa) 

using a 1 mm
2
 cross sectional area copper anode. A dc voltage sweeping from 100 to 1100 

V was applied to the samples. 
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6.3. Catalyst signature in optical properties:  

This section presents the optical properties of self doped metal catalyzed ZnS 

nanostructures. Optical properties of Mn, Sn and Au catalyzed self doped ZnS 

nanostructures with different thicknesses of catalysts were discussed. Room temperature 

photoluminescence and Raman spectroscopy were employed to study effect of catalyst size 

and type on the optical properties of ZnS nanostructures.  

 

6.3.1. Photoluminescence spectroscopy: 

6.3.1a.    Au catalyzed ZnS nanostructures: 

In chapter 4, it was discussed that the size of the catalyst droplet was very 

important for its solubility in the nanostructure. The solubility was high in the ZnS nanobelts 

when the Au droplet size was the smallest. The solubility dropped drastically when the Au 

droplet radius increased and it was observed that this strongly affected the optical properties 

of ZnS nanostructures, as discussed below;  

 

   

Figure 6.1:  Normalized room temperature PL spectra of Au catalyzed ZnS nanostructures 

with Au thicknesses of (a) 0.5 nm, (b) 1.0 nm and (c) 30.0 nm. The figure also 

shows the fits of the PL spectra. 
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Figure 6.1(a-c) shows the room temperature PL spectra of ZnS nanostructures 

catalyzed by three different Au thicknesses, (a) 0.5 nm, (b) 1.0 nm and (c) 30 nm in the 

visible range. The PL spectra were marked by two distinct features in the visible, one sharp 

peak at around 440 nm and another quite broad peak in the range 500 – 600 nm. The PL 

bands in visible were attributed to Zn vacancies (2.3 eV), S vacancies (2.81 eV) and the 

catalyst induced defects (2.06 eV). Interestingly, the energy of sharp feature observed at 440 

nm varied with Au thickness; however its intensity showed drastic variation with Au 

thickness. The broad feature shifted its luminescence peak to lower energy with increase in 

Au thicknesses. The PL spectra were fitted with three Gaussian functions to determine the 

contributions to the total PL as shown in the Figure 6.1.  

The sharp feature due to sulphur states at 440 nm could only be fitted with one 

Gaussian, showing contribution only from one source. The broad feature was fitted with two 

Gaussian functions and there seemed to be a systematic shift in the peak position and the 

intensities of the two peaks. For smaller Au thickness (0.5 nm), the broad feature was fitted 

with one Gaussian and for 1.0 nm and 30 nm, the broad feature was fitted with two 

Gaussians. The relative intensities of all these features are plotted in Figure 6.2 as a function 

of catalyst thicknesses. A strong variation in the intensities of various components was 

observed.  

  

 

Figure 6.2: Variation of the contributed intensities as a function of size of Au catalyst. 

 



95 
 

 The emission due to S vacancies was strongest (40%) in Au (0.5 nm) catalyzed 

nanostructures and dropped to less than 10 % in nanostructures catalyzed with larger Au 

droplets. The feature at 520 nm also dropped considerably from 60 % to just below 40 %. In 

the meantime, emission in the red increased drastically as the Au thickness was increased 

from 0.5 nm to 30 nm and became dominant. The emission in the red (600-640 nm) was 

basically due to the creation of deep defects by Au in ZnS nanostructures. It can be 

concluded from the analysis, that the vacancies (both S and Zn) were sensitive to the 

thickness of the catalyst layer. For smaller catalyst thicknesses, the vacancies in the host 

medium were dominant while with increased catalyst thickness, the catalyst related defects 

played a dominant role in emission characteristics of ZnS nanostructures. 

Interestingly the variation in the intensity with Au thickness varied drastically. For 

smaller thickness of Au, the relative amount of S vacancies was much higher than Zn 

vacancies or the deep traps introduced by Au itself. However, on increasing the Au 

thickness, the number of Zn vacancies increased and overwhelmed the S vacancies and 

became dominant luminescence mechanism. It can be noted that for smaller thicknesses of 

Au catalyst, the peak related to sulphur vacancy state shifted to higher energy from 428 nm 

for (0.5 nm), 430 nm for 1.0 nm and 439 nm for 30.0 nm Au catalyst thicknesses, 

respectively. This shift in S vacancy state was due to incorporation of Au into the ZnS 

lattice. As already been discussed in the chapter 4 that the solubility of the catalyst 

decreased by increasing the catalyst size. For 30.0 nm Au catalyzed nanostructures, it is 

anticipated that the peak was due to the intrinsic defect of sulphur vacancy (440 nm). With 

the decrease in catalyst size, the solubility increased which resulted in the incorporation of 

Au in ZnS lattice and formation of Au-S bonds resulted in sulphur vacancy. A peak at 450 

nm was also observed in 0.5 nm Au thickness, this emission was attributed to the emission 

due to Zn vacancy related traps of ZnS.  

 

6.3.1b. Mn catalyzed ZnS nanostructures: 

Growth of Mn catalyzed ZnS nanostructures were carried out with different 

thickness of the Mn layers. It has already been observed and discussed that catalysts were 

self doped in ZnS nanostructures growth. The extent of self doping of catalysts was different 
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due to difference in the size of catalyst, thus strongly influencing the optical properties of 

ZnS nanostructures. Figure 6.3 shows the room temperature PL spectra obtained from the (a) 

1 nm, (b) 0.5 nm, and (c) 0.2 nm thick, Mn catalyzed ZnS nanostructures. The PL spectra 

again showed two distinct features, a small peak centered at around 440 nm and a strong 

broad asymmetric peak centered at 540 nm. The broad peak showed a doublet feature and 

when resolved, peaks were centered at around 540 nm and 600 nm, as shown in Figure 

6.3(a-c).   

 

Figure 6.3:  Room temperature PL spectra of ZnS nanostructures catalyzed by Mn having 

different thicknesses (a) 1.0 nm, (b) 0.5 nm and (c) 0.2 nm. 

 

The contribution of S related defects were 5% (1.0 nm Mn), to 22% (0.5 nm Mn), to 

25% (0.2 nm Mn) while Zn related defects were 44% (1.0 nm Mn), to 59% (0.5 nm Mn), to 

54% (0.2 nm Mn). Thus 0.2 nm and 0.5 nm catalyst thicknesses produced almost 

comparable number of S vacancies and Zn vacancies. On the other hand, the catalyst related 

defects were found to contribute appreciably with the increase in the catalyst thickness, 

which were almost comparable for 0.2 nm and 0.5 nm Mn thicknesses at around 20% each, 
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but increased appreciably in the case of 1.0 nm Mn thickness to 51%, as shown in Figure 

6.4.  

 

 

Figure 6.4: Variation of the percentage contribution of intrinsic (Zn, S) related and Mn 

related defects as a function Mn catalyst thicknesses. 

 

It has been observed that with small size of catalyst, the solubility was high. As Mn 

concentration increased, Mn ions tended to make clusters due to strong dipolar interaction 

between Mn ions in the host material [5]. Thus by decreasing the solubility, formation of 

cluster was not favorable and thus Mn uniformly doped the nanostructures.  

Mn when doped in ZnS nanostructures, occupy either tetrahedral site by replacing Zn 

or can form of exchange-coupled Mn clusters or in form of Mn-Mn pair. With low solubility 

(as in 1 nm Mn), the Mn concentration was low and Mn preferred the tetrahedral cationic 

substitution, which resulted in orange-red emission. With the increase in Mn solubility, as in 

the case of 0.2 nm Mn, formation of Mn clusters happened and luminescence quenching 

occurred because luminescence due to Mn d-d transition only appears when Mn-S bond 

exists. The peak related to S vacancy state shifted from 442 nm to 432 nm from 0.2 nm to 

1.0 nm, respectively which further gave the clue that tetrahedral cationic substitution took 

place for 1.0 nm Mn thickness which resulted the shift of energy to higher side as compared 

to 0.2 nm, in which S vacancy peak was due to intrinsic sulphur vacancy. 
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It is clear from the above discussion that when Mn was aggregated in the form of 

clusters, luminescence was quenched and the major contribution of luminescence was due to 

intrinsic (S, Zn) related defects. When Mn uniformly doped at tetrahedral cationic sites, 

luminescence appeared due to Mn d-d states transitions which resulted in decrease in 

magnitude of intrinsic defect related emissions. 

 

6.3.1c. Comparison of Mn, Au and Sn catalyzed ZnS nanostructures: 

In chapter 5, the growth of ZnS nanostructures by different catalysts (Au, Mn and 

Sn) was discussed in detail. It was found that the extent of self doping of catalysts was 

different due to difference in surface energies of catalysts. It is anticipated that due to 

different solubility, the optical properties would be different. Figure 6.5 shows the room 

temperature PL spectra obtained from the 1nm (a) Mn, (b) Au, and (c) Sn catalyzed ZnS 

nanostructures. 

 

Figure 6.5:  Room temperature normalized PL spectra obtained from 1 nm (a) Mn, (b) Au, 

and (c) Sn catalyzed ZnS nanostructures. The PL spectra also show the 

convoluted spectra to determine the contributions of different source to the PL 

spectrum. 
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As has already been observed the PL spectra showed two distinct features, a small 

peak centered at around 440 nm and a strong broad asymmetric peak centered at 540 nm. 

The broad peak showed a doublet feature and was further resolved into two peaks as shown 

in Figure 6.5 for Au and Mn catalyzed. The resolved spectra showed peaks at 430 nm, 540 

nm and 600 nm. However, the strong peak in the case of Sn catalyzed nanowires showed 

only a single fit. It was observed that S vacancies were small in numbers compared with Zn 

vacancies. Another interesting observation made in the PL spectra was that, for Au, the low 

energy peak was broad and asymmetric, for Mn catalyzed nanowires, it shrank but still 

remained asymmetric and in the case of Sn, it showed a sharp narrow band. Assuming that 

the integrated area represented the density of defects, it will be interesting to find out the 

role of each catalyst in producing such defects. The convoluted PL spectra showed that Sn 

did not produce defects by itself or if produced, then those were non-radiative decay centers 

and were not observed in the PL spectrum. The contribution of each defect related integrated 

intensities as determined from the fits for each catalyst as shown in Figure 6.6. 

  

  

Figure 6.6:  The variation of integrated intensities at three distinct energies, corresponding 

to S vacancies (430 nm), Zn vacancies (530 nm) and catalyst related defects 

(600 nm). 
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The contributions of S vacancies were 8%, 5%,and 7% in ZnS nanostructures 

catalyzed by Au, Mn and Sn, respectively.  Thus Au and Sn produced almost comparable 

number of S vacancies. On the other hand, the Zn vacancies were found to contribute 

appreciably, which were almost comparable for Au and Mn at 42%, but increased 

appreciably in the case of Sn catalyzed nanostructures to more than 90%. However, catalyst 

related deep impurities were more or less identical for both Au and Mn at 48% and 53%, 

respectively. This actually matched with the findings of XRD and XPS results, which 

showed Au and Mn forming compounds with S, thus contributing in increasing the Zn 

vacancies.  

A detailed analysis revealed that the S vacancy related peak shifted to low energy 

from Au (2.878 eV) to Mn (2.86 eV) to Sn (2.812 eV), a shift of 66 meV.  These values 

showed that S vacancies in the Sn catalyzed nanostructure were due to the intrinsic defect of 

sulphur vacancy (440 nm). For Mn and Au catalyzed ZnS nanostructures, these states were 

shifted to the higher energy states due to the catalyst incorporation in the ZnS lattice. The 

variation in the size of dopant probably shifted the sulphur vacancy states to the high energy 

by 66 meV. 

The phase diagrams of catalysts with ZnS were used to study the formation of inter 

metallic phases, which were actually affecting the intrinsic defects. Sn as a catalyst would be 

preferred to Au as it has one deep level eutectic in Sn-Zn phase diagram. Almost pure Zn 

should precipitate from supersaturated Sn-Zn droplet. On the other hand existence of many 

intermetallic Au-Zn phases may lead to the formation of AuZn compounds in ZnS 

nanostructures. Mn-S exists in different phases which lead to formation of MnS and MnS2 

compounds in ZnS nanostructures. This clearly demonstrated that the intrinsic defects like S 

or Zn vacancies could also be controlled by controlled substitution of the catalyst in the 

nanostructure. 
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6.3.2. Raman spectroscopy: 

6.3.2a.    Mn catalyzed ZnS nanostructures: 

Room temperature Raman spectra of ZnS nanostructures catalyzed by Mn with 

different thicknesses were shown in Figure 6.7.  

  

 

Figure 6.7: Room temperature Raman spectra of ZnS nanostructures catalyzed by Mn with 

different thicknesses, 1.0 nm (bottom), 0.5 nm (middle) and 0.2 nm (top). 

 

All peaks labeled in the top spectrum show contribution of various Raman modes; a 

strong LO peak at 347.7 cm
-1

, a weak doublet peak due to A1/E1 (TO) modes at around 269 

cm
-1

 and E2 (TO) at around 282 cm
-1

. The Raman peaks were observed more or less at the 

same position as expected for pure ZnS. ZnS in the Wurtzite phase exhibits polar behavior. 

In the high aspect ratio Wurtzite 1-D nanostructures, the long range dipolar interaction gives 

rise to an additional splitting of the TO mode. This happens because the dipole sums, which 

determine TO mode frequencies, are sensitive to the 1D nanostructures aspect ratio. The 

values of LO and TO modes for bulk ZnS (Wurtzite-2H) are 350 cm
-1

 and 276 cm
-1

, 

respectively [6]. It was quite interesting to note that energy of the LO and TO modes remain 



102 
 

unchanged with the change in Mn thickness. Lyddane-Sachs-Teller (LST) relation was used 

to calculate the actual TO frequency and is given as [7]; 

 

   
  

   
   

  
                                                       Eq. (6.1) 

 

As an isotropic approximation, ε0 = 8.29, ε∞ = 5.11 [6] was taken and LO phonon 

energy, from the Raman spectrum, ωLO = 347.7 cm
-1

 was used, and thus the frequency of TO 

phonons was calculated by using LST relation (Eq. 6.1), it came out to be ωTO = 272.9 cm
-1

. 

The SO phonon mode is usually observed if there exists the surface potential 

breaking the symmetry along the length of the wire. The surface potential is formed due to 

accumulation of impurities on the surface. Raman spectra were used to determine the 

variation in the surface potential created as a result of self doping of catalyst on the surface. 

The size of catalyst affected the solubility of the catalyst which can affect the LO and SO 

phonon modes. 

 

 

Figure 6.8:  Raman spectra of LO and SO modes of ZnS nanostructures catalyzed by Mn 

with different thicknesses, 1.0 nm (bottom), 0.5 nm (middle) and 0.2 nm (top). 
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Figure 6.8 (a-c) shows the normalized Raman spectra due to LO and SO phonon 

modes of Mn catalyzed ZnS nanostructures with three different thicknesses of Mn, 1 nm 

(bottom),  0.5 nm (middle) and 0.2 nm (top), respectively. It was quite interesting to note 

that the energy of the LO modes remained unchanged with the change in the thickness of the 

catalyst. However, SO phonon mode showed sensitivity to the size of catalysts. Another 

observation is the increase in the separation between the LO and SO phonon modes 

increased. The Δ(LO – SO) was 12.58 cm
-1

, 11.66 cm
-1

 and 11.59 cm
-1

 for 0.2 nm, 0.5 nm 

and 1.0 nm Mn thicknesses, respectively. These values showed that self doping of Mn had 

affected LO and SO phonon modes.  

The SO phonon mode was further studied to determine the variation in the surface 

potential by applying the dielectric continuum (DC) model. The SO phonon curves for 

different thicknesses of Mn (catalyst) were calculated using Eq. 6.2 and Eq. 6.3. The 

experimentally observed SO phonon frequencies existed in the symmetric mode dispersion 

curve as marked using dotted line in Figure 6.9.  

 

   
         

  
       

    
 

    

       
    
 

    
                                       Eq. (6.2) 

 

   
          

  
       

    
 

    

       
    
 

    
                                       Eq. (6.3) 

 

The dispersion curves of symmetric (S) and anti-symmetric (AS) modes of SO phonon 

ωSO(q) as a function of (qL)/2 for Mn catalyzed ZnS nanostructures were calculated by 

assuming with square cross sections Lx=Ly=L, thus q = √2qi (where i = x, y) in air. The 

observed SO mode frequency ‘ωSO(q)’ in air was;  334.82 cm
-1

 for 0.2 nm, 336.13 cm
-1

 and 

336.31 cm
-1

for 0.5 nm and 1.0 nm Mn thicknesses,  respectively. 
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Figure 6.9:  Plot of symmetric and anti-symmetric SO phonon modes for Mn catalyzed ZnS 

nanostructures with different thicknesses of catalyst. The horizontal lines show 

the observed phonon modes. The arrows on the horizontal axis show the length 

of the coordination vector. 

 

In Figure 6.9, horizontal lines show the experimental values and it was found that the 

observed SO phonon modes intersected the symmetric (S) mode at qL/2 = 1.28, 1.75 and 

1.80 for 0.2 nm, 0.5 nm and 1.0 nm Mn thicknesses, respectively. Considering the average 

wire square cross-section dimensions were 50 x 50 nm
2
, the calculated wavelengths for the 

surface symmetry breaking potential perturbation turned out to be, λ (= 2π/q) 122 nm, 88 nm 

and 84 nm in ZnS nanostructures grown with 0.2 nm, 0.5 nm and 1 nm Mn thicknesses, 

respectively. The large value of wavelength of surface potential perturbations showed that 

the Mn was dissolved in the form of clusters and did not dissolve uniformly. For small 

thickness of Mn, the higher value of wavelength further confirmed that with the increase in 

solubility, Mn made clusters during the growth. 
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6.3.2b.    Au catalyzed ZnS nanostructures: 

The Raman spectra obtained at room temperature from the Au catalyzed ZnS 

nanostructures with different thicknesses of Au are shown in Figure 6.10. 

 

 

Figure 6.10: Room temperature Raman spectra (a) 0.5 nm, (b) 1.0 nm and (c) 30.0 nm Au 

catalyzed ZnS nanostructures. 

 

The actual values of TO peaks were calculated by using LST relation and varied with 

the size of Au catalysts, and it was 275.34 cm
-1

, 272.89 cm
-1

 and 275.67 cm
-1

, for 0.5, 1.0 

and 30.0 nm Au catalyzed nanostructures, respectively. This fact was further explored by 

analyzing the LO phonon peaks. It was quite interesting to note that the LO and TO modes 

shifted toward the lower frequency with the increase in the size of the catalyst. This was 

probably due to the size difference between the Au atom and Zn atom. SO phonon mode 

also showed sensitivity to the thickness of Au catalyst. The separation between the LO and 

SO phonon modes increased when the thickness of the catalyst decreased, shown in Figure 

6.11.  



106 
 

 

 

 

Figure 6.11:  Raman spectra of LO and SO modes of (a) 0.5 nm, (b) 1.0 nm and (c) 30.0 nm 

Au catalyzed ZnS nanostructures. 

 

The peak positions were determined by fitting Lorentzian distribution. The Δ(LO – SO) 

was 13.55 cm
-1

, 16.51 cm
-1

 and 11.60 cm
-1

 for 0.5, 1.0 and 30.0 nm Au thicknesses, 

respectively. These values further confirmed that with the decrease in the catalyst size, the 

solubility increased and preferable site of dopant was on the surface. Probably, Au doping 

on the surface would be resulted in the shift of SO phonon modes. The dispersion curves for 

the SO phonon modes in the case of 0.5, 1.0 and 30.0 nm Au catalyzed nanostructures were 

calculated and plotted in Figure 6.12.  
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Figure 6.12: Plot of symmetric and anti-symmetric SO phonon modes for 0.5 nm, 1.0 nm 

and 30.0 nm Au catalyzed ZnS nanostructures. The horizontal lines show the 

observed phonon modes. The arrows on the horizontal axis show the length of 

the coordination vector. 

 

The experimentally observed SO phonon frequencies were found to by symmetric values as 

marked with solid horizontal lines in Figure 6.12. The curves show the dispersion of S and 

AS modes of SO phonon ωSO(q) as a function of (qL)/2 for  ZnS nanobelts with square cross 

sections Lx=Ly=L, thus q = √2qi (where i = x, y) in air. The observed SO frequency in air 

was ωSO(q) = 337.57 cm
-1

, 331.12 cm
-1

 and 339.14 cm
-1

 for 0.5, 1.0 and 30.0 nm thick Au 

catalyzed ZnS nanostructures,  respectively. From the SO Raman mode, the wavevector q of 

the surface perturbation was estimated and it was found that the experimentally observed 

value (dotted line) of the SO phonon mode intersected the symmetric (S) mode at qL = 2.09, 

1.50 and 4.46 for 0.5 nm, 1.0 nm and 30.0 nm Au, respectively. Considering the average 

wire square cross-section dimensions were 50 x 50 nm
2
, the calculated wavelength for the 

surface symmetry breaking potential perturbations were determined as, λ (= 2π/q) 150 nm, 

210 nm and 70 nm for 0.5, 1.0 and 30.0 nm Au catalyzed nanowires, respectively. The value 

of wavelength of surface potential perturbations for the 0.5 and 1.0 nm Au implies that 

symmetry breaking due to Au doping at the surface arised after 150 and 210 nm. For 30.0 

nm Au thickness, symmetry breaking took place at the surface after 70 nm, respectively. 

High values for the lower thicknesses of Au shows that incorporation of Au into the ZnS 

nanostructures was not uniformly and it doped the nanostructures in agglomerated form.  
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6.3.2c. Comparison of Mn, Au and Sn catalyzed ZnS nanostructures: 

The Raman spectra obtained at room temperature from the Au, Mn and Sn 

catalyzed ZnS nanostructures are shown in Figure 6.13.  

 

 

Figure 6.13: Room temperature Raman spectra of 1 nm (a) Sn, (b) Mn, and (c) Au catalyzed 

ZnS nanowires. 

 

The difference between the two TO peaks varied with the choice of catalysts, and it 

was 13.79 cm
-1

, 12.58 cm
-1

 and 11.97 cm
-1

, for Mn Au and Sn catalyzed nanostructures, 

respectively. It is to be noted here that Mn has the highest solubility in ZnS and Sn had the 

lowest among the three catalysts used. This fact was further explored by analyzing the SO 

phonon peaks. It was quite interesting to note that the LO and TO modes remained 

unchanged for different catalysts. However, SO phonon mode showed sensitivity to the type 

of catalyst and the separation between the LO and SO phonon modes increased in Au and Sn 

catalyzed ZnS nanostructures, lowest in the case of Mn, as shown in Figure 6.14.  
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Figure 6.14: Raman spectra of LO and SO modes of ZnS nanowires catalyzed by 1nm (a) 

Au, (b) Mn and (c) Sn. 

 

The peak positions were determined by fitting Lorentzian distribution. The Δ(LO – SO) 

was 11.75 cm
-1

, 12.35 cm
-1

 and 16.51 cm
-1

 for Mn, Sn and Au, respectively. These values 

showed that Mn was uniformly incorporated in the nanostructure during the growth as 

compared to the Sn and Au, whereas Au formed different alloy compounds with Zn, which 

led to non-uniform solubility.  

The dispersion curves for the SO phonon modes in the case of Au, Mn and Sn 

catalyzed nanostructures were calculated and plotted in Figure 6.15. The experimentally 

observed SO phonon frequencies were found to by symmetric values as marked with solid 

horizontal lines in Figure 6.15.  

The curves show the dispersion of S and AS modes of SO phonon ωSO(q) as a 

function of (qL)/2 for  ZnS nanobelts with square cross sections Lx=Ly=L, thus q = √2qi 

(where i = x, y) in air. The observed SO frequency in air was ωSO(q) = 331.12 cm
-1

 for Au, 

335.74 cm
-1

 and 336.13 cm
-1

 for Sn and Mn,  respectively. 
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Figure 6.15:  Dispersion curves of the symmetric and anti-symmetric SO phonon modes for 

Au, Mn, and Sn catalyzed ZnS nanostructures. The horizontal lines show the 

experimentally observed SO phonon modes. The arrows on the horizontal axis 

show the length of the coordination vector corresponding to energy 

intersecting dispersion curves. 

 

From the SO Raman mode, the wavevector q of the surface perturbation was 

estimated and it was found that the experimentally observed value (dotted line) of the SO 

phonon mode intersected the symmetric (S) mode at qL = 1.5, 3.6 and 4.30 for Au, Sn and 

Mn, respectively.  

Considering the average wire square cross-section dimensions were 50 x 50 nm
2
, the 

calculated wavelength for the surface symmetry breaking potential perturbations were 

determined as, λ (= 2π/q) 210 nm, 88 nm and 75 nm for Au, Sn and Mn catalyzed 

nanowires, respectively. The value of wavelength of surface potential perturbations for the 

Au implies that symmetry breaking due to Au doping at the surface arised after 210 nm 

while for Sn and Mn, symmetry breaking took place at the surface after 88 nm and 75nm, 

respectively. High value for the Au shows that incorporation of Au into the ZnS 

nanostructures was not uniformly and it doped the nanostructures in agglomerated form 

while incorporation of Sn and Mn was uniform during growth. 
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6.4. Optical properties of tapered ZnS nanostructures: 

6.4.1. Raman Spectroscopy of tapered ZnS nanobelts: 

In chapter 4, it has already been discussed that X-ray diffraction patterns of the 

grown nanobelts have wurtzite-type crystal structures. A wurtzite ZnS has the space group 

C6V
4
 (C63mc) with two formula units per primitive cell and all atoms occupying C3V sites. 

Group theory predicts the following phonon symmetries with momentum q=0: χatom = 

1A1+2B1+1E1+2E2, where A1 and E1 symmetry phonons are both Raman and IR-active, two 

E2 pairs of modes are only Raman-active, while the two B1 modes are optically inactive[8]. 

  

A Raman spectrum obtained from the ZnS tapered nanobelts is shown in Figure 6.16 

(a), taken at room temperature. All the peaks have been labeled in the spectrum.  

 

 

Figure 6.16: (a) Raman spectrum of tapered ZnS nanobelts, (b) Gaussian peak fittings on 

the twin peak of TO phonons,(c) LO and  SO phonons. 

 

The dominant peak was due to the longitudinal optical (LO) phonon of ZnS at 347.7 

cm
-1

, as allowed by the Raman selection rules for the phonon modes of a one dimensional 

system. Twin peak were observed due to transverse optical (TO) phonon and the Lorentzian 

fit showed that A1/E1 (TO) was at 267 cm
-1

 and E2 (TO) was at 280 cm
-1

, as shown in Figure 

6.16(b).  The bulk values of LO and TO modes for ZnS (wurtzite-2H) was 350 cm
-1

 and 276 

cm
-1

, respectively. The frequency of TO phonon mode as calculated by using LST relation, 

came out to be ωTO = 272.9 cm
-1

. The surface optical (SO) phonon mode was also observed 

at 336.17 cm
-1

, as shown in Figure 6.16(c).    
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Figure 6.17: (a) SO phonon dispersion curves calculated using Eq. 6.2 & 6.3 for tapered 

nanobelts for symmetric modes (S) and asymmetric (AS). (b) TEM images of 

a ZnS nanobelt showing the surface modulation along the wire axis indicated 

by the arrows; an average distance between arrows is ~92 nm. (c) HRTEM 

image displaying that the surface roughness is of about several atomic layers. 

 

In Figure 6.17(a), the dispersion curves show the S and AS modes of SO phonon 

ωSO(q) as a function of qL/2 for  ZnS nanobelts with square cross sections in air. The 

experimental SO frequency in air was ωSO(q)  336.17 cm
-1

, from where “q” of the surface 

perturbation responsible for activating the SO modes was estimated. The experimental value 

(dotted line) of the SO phonons modes intersect the SO mode at qL = 3.22. Assuming a wire 

with square cross section of 50×50 nm
2
, the wavelength for the surface potential 

perturbation was found as λ = 2π/q = 98±5 nm. Such value was in good agreement with the 

experimentally observed surface purturbation in the TEM images (92±7 nm), Figure 6.17(b). 

HRTEM image shows that the symmetry breaking was of the order of several atomic layers, 

as shown in Figure 6.17(c).  

 

6.4.2. PL spectroscopy of tapered ZnS nanostructrures: 

Figure 6.18(a) shows the room temperature PL spectra of tapered ZnS 

nanostructures, both nanobelts and nanowires. The PL spectrum of tapered nanowires shows 

a broad peak.  The peak was fitted with two Gaussian functions centered at 524 nm and 541 

nm (Figure 6.18(b)). While for the tapered ZnS nanobelts the two distinct peaks were at 412 

nm and a very broad peak at around 550 nm. The Gaussian multi-peaks fit (Figure 6.18(c)) 

showed that this broad peak was a summation of two peaks positioned at 544 nm and 578 

nm.  
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Figure 6.18:  (a) Micro PL spectra of tapered ZnS nanobelts and tapered nanowires. (b & c) 

Corresponding Gaussian peak fittings of the spectra. 

 

For the nanowires, peaks were due to Zn vacancies, probably Au replaced Zn due to 

high solubility of small sized catalyst particles. Small catalyst droplets have high solubility 

as compared to the large droplets, that’s why we have not observed Au peaks for the 

nanobelts. The tip diameters of tapered nanowires and nanobelts were 40 nm and 150 nm, 

respectively. For the nanobelts the three peaks were due to surface defects, Zn vacancy 

states and self-activated centers, which is probably due to symmetry breaking at the surface 

and high temperature growth. 

Due to smooth surface, high density of nanowires with tapered sharp tips and the 

presence of Au traces in the nanowires, the FE measurements of nanowires were carried out 

at room temperature. The results are shown and discussed in the next section. 

 

 

6.5. Field emission characteristics: 

6.5.1. Comparison of field emission from tapered- nanowires and -nanobelts: 

Figure 6.19 shows the FE (current density as a function of applied field) of ZnS 

tapered nanostructures measured at a 100 µm gap between the anode and the sample in a 

vacuum chamber maintained at a pressure of 4×10
-6

 Pa (3×10
-8

 Torr).  
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Figure 6.19: F-E plots of ZnS tapered nanostructures with a gap of 100 µm between the 

anode and the sample, (●) nanowires, and (■) nanobelts. 

 

From the curves, it is concluded that the tapered nanowires had the best field-

emission properties with a low turn-on field (Eto, defined as E at which J becomes 10 

µA/cm
2
) of 6.2 V/µm, and a threshold field (defined as E at which J becomes 0.1 mA/cm

2
) 

of 8.2 V/µm. But tapered nanobelts did not show good field emission characteristics, as 

shown in the Figure 6.19. Field emission form the nanostructure strongly depends on the 

size and morphology of emitting material. Average tip diameter of tapered nanobelts was 

around 150 nm while for the tapered nanowires it was 40 nm. The difference in the tip size 

was the main reason for the good field emission from the tapered nanowires. In the 

following sections, detailed studies of FE characteristics of the nanowires are presented. 

 

6.5.2. Field emission measurements of tapered nanowires: 

The FE current voltage characteristics of tapered nanowires were analyzed by the 

Fowler Nordheim (F-N) equation [9]; 

 

   
     

 
      

  
 
 

  
                                                            Eq. (6.4) 

or 
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                                                          Eq. (6.5) 

 

where A and B are constants with values of 1.54×10
-6

 A eV V
-2

 and 6.83×10
3
 V/µm 

eV
-3/2

,  respectively, J is the current density, β is the field-enhancement factor, E is the 

applied field, and Φ is the work function (7 for ZnS) of the emitting materials. It is known 

that the field enhancement factor is related to the emitter geometry (such as aspect ratios), 

crystal structure, vacuum gaps, and the spatial distribution of emitting centers [10]. Figure 

6.20 shows the semi-log F-N plot for a gap of 100 µm. The linear variation of ln (J/E
2
) with 

(1/E) implies that the electrons ejection from ZnS tapered nanowires more or less followed 

the FN behavior.  

 

 

Figure 6.20: F-N plot of ZnS tapered nanowires at a distance of 100 µm gap between the 

anode and sample. Solid line is the semi-log F-N plot at a distance for a gap of 

100 µm.  

 

The field enhancement factor was 1562, which was calculated from the slope of F-N 

plot. Some deviation from the F-N theory and current saturation was observed in the 

samples, this type of deviation has also been reported for the CNT’s. This was probably due 

to the presence of catalyst particles at the tips of nanowires or the existence of contact 

resistance between the nanowires and the substrate [11]. 

Figure 6.21(a) illustrates the FE curves measured at different vacuum gaps (d). When 

a vacuum gap increased from 60 to 160 µm, the turn-on field decreased from 11.67 to 5.5 
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V/µm, and the threshold field also decreased from 12.83 to 7.8 V/µm. Figure 6.21(b) shows 

the FN plot at different distances. The calculated field enhancement factors from the slope of 

the linear part of FN plot were, 891, 1301, 1562, 1680, 1709 and 1942 for d=60, 80, 100, 

120, 140 and 160 µm, respectively.  

 

 

Figure 6.21: (a) J-E plots (b) corresponding F-N plots from tapered nanowires with 

different vacuum gaps.  

 

It is clear from the JE plots and their corresponding FN plots that with the increase in 

the vacuum gap the turn on and threshold fields decreased and field enhancement factor 

increased. Figure 6.22 summarizes the variation of field enhancement factor, turn on field 

and threshold field as a function of the vacuum gap.  

 

Figure 6. 22: Variation in turn on field (at 10 µA/cm
2
), threshold field (at 100 µA/cm

2
) and 

the field-enhancement factor with a change in vacuum gap d. (▲) represents 

field enhancement factor, (■) turn on filed and (●) represents the threshold 

field.  
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The curve for Eto and Eth were fitted. The Eto and Eth curves observed to follow the following 

equation as by the fits. This allowed to determine turn on and threshold field.  

 

                                        
 

 
                       Eq. (6.6) 

 

Where A, B, and C are constants having values; for Eto [A=212, B=16.90 and C=5.67] while 

for Eth [A=227.16, B=15.80 and C=7.6]. By putting the value of d, the turn on or threshold 

field can be calculated at any point in the measurement range.  

 

6.5.3. Field enhancement region and absolute amplification factor: 

Figure 6.23 shows the plot of 1/β versus 1/d which showed that 1/β showed a linear 

behavior 1/d, that is, the larger the vacuum gap, the higher is the value of β. On the basis of 

the two-region field-emission (TRFE) model,
 
the experimental data was fitted with straight 

line and was approximated by;  

 

 

 
 

  

 
 

 

  
                                                    Eq. (6.7) 

 

Where d2 is the width of the field-enhancement region near the nanowires surface and βo is 

the absolute amplification factor, which is intrinsically determined by emitters and 

independent of d and applied field.  
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Figure 6.23: Linear fit to the experimental data based on the TRFE model. 

 

The values of d2 and βo were obtained from slope and intercept of the linear fit, 

respectively. The values were determined as 55 nm for d2, while 6992 for βo. These values 

were compared with the nanowires of different type and shapes.  

 

6.5.4. Comparison with the existing results: 

The value of βo of the synthesized tapered nanowires was comparable to that of the 

carbon nanotubes grown on a Si wafer (βo= 7900),[11] while is much larger than for CdS 

nanocones grown on a Si substrate (βo = 4933),[12] ZnO nanorods grown on a Si substrate 

(βo = 3738),[13] and  an Al-doped ZnO emitter (βo = 1845) [14] However, d2 is  smaller than 

the values reported in the literature, which is probably due to the strong screening effect 

caused by the higher density and catalyst particles at the ends of nanowires. 

The turn on field (5.5 V/µm @ 10 µA/cm
2
) and β = 1942 of the tapered ZnS 

nanowires is comparable with CNT’s having catalyst particles on tips with turn on field (4.9 

V/µm @ 1 µA/cm
2
) and β = 1870 [15].  The FE properties are much better than the aligned 

ZnO nanowires with turn on field (6 V/µm @ 0.1 µA/cm
2
) and β = 847 [16], the quasi 

aligned CdS nanowires array with turn on field (12.2 V/µm @ 10 µA/cm
2
) and β = 555 [12].   

Table 6.1 summarizes a comparison of the key FE parameters of ZnS nanowires and 

nanorods found in the literature with present results. 
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Table 6.1: Comparison of key FE parameters for ZnS nanowires and nanorods found in the 

literature with the present results for tapered nanowires. 

 

6.5.5. Field emission stability: 

Stability of the field emitters is another issue parameter related to the potential 

applications. FE stability measurements were performed on the nanowires by keeping an 

electric field at 10 V/µm for over a period of more than 8 hours, as shown in Figure 6.24, 

There were no notable fluctuations observed during this period.  This conformed that the 

nanowires were stable for use as strong field emitters.  

 

 

Figure 6.24: Field-emission stability of tapered ZnS nanowires collected for a period of 8 h 

and acquired at the field of 10 V/µm with a 100 μm vacuum gap. 
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6.6. Summary: 

Optical and field emission properties of self doped ZnS nanostructures were studied. 

The photoluminescence spectroscopy results showed the formation of all major types of 

defects causing luminescence in the visible region. In Au catalyzed nanostructures, for 

smaller catalyst thicknesses, the vacancies in the host medium are dominant while with 

increased catalyst thickness, the catalyst related defects played a dominant role in emission 

characteristics. For Mn catalyzed nanostructures, Increase in Mn solubility leaded the 

formation of clusters and luminescence quenched and the major contribution of 

luminescence was due to intrinsic (S, Zn) related defects. In Mn, Au and Sn catalysts, 

defects due to S vacancies remained almost identical, while defects due to Zn vacancies 

varied greatly from Au, to Mn to Sn. Catalyst related defects were strong in Au and Mn 

only. Raman spectroscopy showed presence of surface potential, which was calculated for 

three types of catalysts. Surface optical phonons were observed due to symmetry breaking at 

the surface. Dielectric continuum (DC) model was used to calculate the wavelength of 

surface potential perturbation. For Au, it was largest and for Mn and Sn it was comparable. 

Large value for the Au shows that incorporation of Au into the ZnS nanostructures was not 

uniformly while incorporation of Sn and Mn was uniform during growth. The calculated 

wavelength for symmetry breaking due to surface potential perturbation for the tapered 

nanobelts was in good agreement with the experimentally observed in TEM analysis. 

Field emission measurements form tapered nanostructures showed that tapered 

nanowires are excellent field emitters with a turn on field ranging from 5.5 to 11.67 V/µm 

and the field enhancement factor varying from 1940 to 890, respectively, at various cathode 

distances. The absolute amplification factor was calculated by using two-region field 

emission (TRFE) model and was found to be comparable to carbon nanotubes. Fitting of 

experimental data to Fowler-Nordheim equation revealed that the emission is from the 

nanowire tips. 
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Chapter 7 

In2O3 pyramidal beaded nanowires 

 

7.1. Introduction: 

It is well known that morphology plays a crucial role in the physical properties of 

materials, e.g. optical, electrical, field emission and sensing. Until now, many standard In2O3 

nanostructures, such as nanowires, nanorods,
 

nanocubes, nanocolumns, nanoarrows, 

nanotowers and nanopyramids have successfully been synthesized [1-7]. However, the 

present study based on the very complex pyramidal beaded In2O3 nanostructures and 

prepared under a full control of growth conditions.  

Many works have reported with respect to FE studies of different morphologies in 

In2O3 with no or a limited success. Turn-on field (@1μA/cm
2
) from the aligned In2O3 

nanowires were found as low as 7 V/μm whereas for the not-aligned In2O3 nanowires this 

value was 10 V/μm [8]. In the case of pyramidal nanostructures; for micropyramids, the 

reported turn-on field (@ 0.1μA/cm
2
) was 9.8 V/μm, whereas in the case of nanopyramids, 

it was either 2.7 V/μm or 3.34 V/μm [9-10]. Nanopyramids have shown better FE properties 

than the nanowires because of small number of surface defects as FE current always flows 

on the surface of the structure.  

There have been several reported methods to synthesize In2O3 nanostructures, 

namely, thermal evaporation, hydrothermal technique and chemical vapor deposition [11-

13]. Among those, the thermal evaporation is the simplest way to obtain high density, high 

quality single crystalline In2O3 nanostructures.  In thermal evaporation several researchers 

have tried to evaporate In under oxygen as an oxidation agent in addition to different 

reducing agents like: In2O3 in carbon environment, In2O3 in de-ionized (DI) water etc [14-

16]. Hydrogen assisted thermal evaporation, which has very rarely been used because 

hydrogen is more reactive than any other reduction agent.  
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In this chapter, an efficient and simple way has been employed to fabricate In2O3 

pyramidal beaded nanowires by using hydrogen assisted thermal evaporation. The process 

led to the formation of oxygen vacancies, which played a key role in the nanostructure 

growth. It is demonstrated that these vacancies are responsible in reducing the planer 

densities which results in the enhanced energy of fast growing planes.     

7.2. Experimental section: 

Si (100) substrates with a thin (2-3 nm) native oxide layer were used for the growth 

of nanostructures. 1 nm Mn (catalyst) thin film was deposited on silicon substrates in an 

ultra high vacuum chamber with base pressure 10
-7

 Torr at room temperature. The catalyst 

coated substrates were then loaded in a central zone of a horizontal tube furnace along with 

a 99.99% pure In2O3 powder (1g) in an alumina boat placed at the center of the tube.  Then 

the furnace was heated to 1120 
o
C and maintained for 2 hours. The substrates were kept in 

the downstream at 28 cm away from the source at 675 
o
C. N2+5% H2 gas was used as a 

carrier gas to transport vapors from the source boat to the Si wafers. The flow rate of the 

carrier gas was maintained at 20 Sccm. 

7.3. Results and discussions: 

7.3.1. Morphology: 

Figure 7.1 (a–c) shows the low- and high-magnification FESEM micrographs of 

pyramidal beaded In2O3 nanowires.  

 

Figure 7.1:  (a) Low-magnification FESEM image and (b & c) high-magnification FESEM 

images of In2O3 pyramidal beaded nanowires.  
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FESEM images revealed tens of micrometers long dense In2O3 nanowires with an average 

diameter in the range of 50 to 150 nm. The high magnification images showed that the wires 

were decorated with pyramidal beads having dimensions of 250 to 400 nm. In order to 

determine the minute details of pyramids, TEM was performed. Figure 7.2 (a,b) shows the 

low- and high-magnification TEM images of pyramidal beaded nanowires. Low- 

magnification TEM image shows that the size variations of the pyramidal beads were 

minimum during the growth. This implied that the growth of beads took place in the 

identical environment, as illustrated in Figure 7.2(a).  

 

 

Figure 7.2:  (a) Low-magnification (b) high-magnification TEM images of In2O3 pyramidal 

beaded nanowires. 

 

The angle between the growth plane and normal to the edge planes was determined 

from the high-magnification TEM image from the selected region, as displayed in Figure 

7.2(b) which was 35
o
. Since the angle between the [110] and [111] orientations is close, 

35.2
o
, thus it was concluded that the edge planes of the pyramids are {111}. 

Figure 7.3(a-c) illustrates the TEM and high-resolution TEM images of an In2O3 

nanowire. HRTEM images of the selected nanobead region and the interface between the 

two beads show the lattice fringes, as shown in Figure 7.3 (b-c). 
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Figure 7.3:  (a) TEM image of In2O3 pyramidal beaded nanowire, (b & c) HRTEM images 

of the selected region from the nanobead and the interface between the two 

beads. The insets in the HRTEM images of (b & c) display the selected area 

electron diffraction (SAED) patterns from the respective regions. 

 

It is clear from the HRTEM images that the nanowires were single crystals with 

       growth direction and with d spacing is 0.71 nm. The insets in the HRTEM images of 

Figure 7.3(b-c) display the selected area electron diffraction (SAED) patterns which confirm 

that nanowires were single crystal having a bcc crystal structure and with        growth 

direction. 

 

7.3.2. Structure and composition of In2O3 nanowires: 

Figure 7.4(a) shows the energy dispersive x-ray (EDS) mapping of an In2O3 

nanowire and its corresponding EDS spectrum is presented in Figure 7.4(b). The EDS 

spectrum showed that the In2O3 nanowires contained In and oxygen and no other impurity 

were found. The strong Cu signal came from the TEM grid. 
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Figure 7.4. (a) EDS mapping of another In2O3 nanowire (b) the corresponding energy   

dispersive x-ray spectrum (EDS). 

 

Figure 7.5 shows the XRD pattern taken from In2O3 nanowires. The diffraction 

peaks were identified as the cubic bixbyite structure of In2O3 with the lattice parameter a = 

10.118Å, in a good agreement with the literature (JCPDF card number 06-0416). The 

sharpness of the peaks reflected the good quality of the sample. XRD spectrum has two 

strong peaks of [222] and [440]; this additionally confirmed the growth direction, in 

accordance with the HRTEM results. 

 

 

Figure 7.5: XRD pattern of In2O3 pyramidal beaded nanowires. 

 

The stoichiometry of the synthesized In2O3 nanowires was finally confirmed by the 

XPS analysis. Figure 7.6 (a-b) shows the high-resolution In-3d and O-1s XPS spectra, as 
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obtained from the indium oxide nanostructures, respectively. The binding energies were 

corrected taking into account the specimen charging and by referring to C (1s) at 284.60 eV.  

 

Figure 7.6:  (a) High-resolution In 3d, and (b) O 1s XPS spectra of In2O3 pyramidal beaded 

nanowires. 

 

The In (3d5/2) and O (1s) peaks are located at around 444.6 and 530.7 eV, 

respectively, indicated that the major constituent phase of the as-synthesized nanostructures 

is In2O3. The oxygen peak was resolved into two symmetric peaks centered at 530.7 and 

532.6 eV. The peak at a low binding energy (530.7 eV) was referred as a low binding energy 

component (LBEC) and was ascribed to the O 1s core peak bound with In. The peak at high 

binding energy (532.6 eV) is referred to high binding energy component (HBEC) and was 

attributed to oxygen vacancies [17].  

The existence of oxygen vacancies meant that the grown In2O3 is nonstoichiometric. Thus 

stoichiometric ratio (Sij) given by the relation [18]: 

 

     
  

  
 

       

       
                                                 Eq. (7.1) 

 

Here Ci and Cj are the concentrations and Ii and Ij are the intensities of the emission spectra 

and ASF is the atomic sensitivity factor. In this study, the determined values of ASF for 

In3d
5/2

 and O1s were 4.530 and 0.73, respectively. Thus the ratio of indium to oxygen was 
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obtained as 1:1.31 with ultimate product of of In2O2.62 composition. This showed existence 

of large number of oxygen vacancies. The presence of oxygen vacancies led to different 

growth rates. 

7.3.3. Growth model: 

Many reports have analyzed the growth of different types of In2O3 structures like 

nanopyramids, nanowires and nanoarrows, the morphology obtained in this experiment was 

unique. The main cause for the formation of In2O3 nanopyramids in thermal evaporation was 

the oxygen deficient environment. Hydrogen gas acted as a reducing agent, which created 

oxygen deficient environment and resulted in the decorating the In2O3 nanowires with 

pyramidal beads. A detailed description of the growth conditions and possible mechanisms 

is given in the following.  

The growth process can be divided in two simultaneous processes, e.g., possible 

reactions taking place at the source and the growth of nanowires on the Si substrate. In the 

first process, In2O3 powder as a source was used. The melting point of In2O3 was 1910 
o
C, 

so it could not be evaporated at 1020 
o
C, so there should be a possibility of two kinds of 

reactions which took place at the source side at 1020 
o
C due to presence of hydrogen as 

given below:  

 

        
       

                                          Eq. (7.2) 

 

        
       

                                              Eq. (7.3) 

 

The melting and boiling temperatures of In are as 152
o
C and 2070

o
C at 1 atm 

respectively, whereas the boiling point for In2O is 525 
o
C at 1 atm. So, likely, there were two 

kinds of evaporating species, In2O and In. Partial pressures of the respective species may 

have given a clue as which one would have evaporated faster. The partial pressures for In2O 

and In were then obtained using the following relations [19]: 
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                                     Eq. (7.4) 

 

       
       

 
                                           Eq. (7.5) 

 

From above equations, it is clear that the partial pressure of In2O was much higher 

than that of pure In. So, the probability of evaporation of In2O was much higher than that of 

In. Large amount of In rich species coming out of In2O3 was thus transported to the substrate 

by the carrier gas. In the second process, vapors of In and In2O driven by the flowing 

nitrogen gas were deposited on the substrate surface to form oxygen deficient indium oxide 

crystalline nuclei. This was later confirmed by the XPS results.  

 

 

Figure 7.7: Schematics of the growth of In2O3 pyramidal beaded nanowires. 

 

It is believed that the mechanism of the observed growth was due to vapor solid (VS) 

process. The nucleation sites became In rich and also contained oxides of In. The schematic 

of the growth is shown in Figure 7.7. The defects in the nuclei became the nucleation sites 

for a helical dislocation. Under on-going hydrothermal reduction reaction, In and In2O 

molecules collide continuously forming helical steps and further grew into oxygen deficient 

In2O3 NWs. For In2O3 with the bcc crystal structure, it is well known that the surface energy 
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relation between three low-indexed crystallographic planes is given like: γ{111} < γ{100} < 

γ{110}, while the growth rate perpendicular to the growing plane has a relation of r{111} < 

r{100} < r{110}[20]. Therefore the growth rate of {110} plane was much faster than the 

other low indexed planes. This was indeed observed in the HRTEM images - the growth 

direction was      , as shown in Figure 7.8(a).   

 

 

Figure 7.8:  (a) HRTEM image of a pyramidal bead, (b) structural visualization by using 

VESTA software. 

 

The observed peculiar growth morphology was interpreted with the help of 

Visualization of Electrical and Structural Analysis (VESTA) software, which uses periodic 

bond chain (PBC) theory for structural visualization [21]. As revealed by the XRD results, 

the grown nanostructures showed the formation of bcc structure, which belonged to the 

space group 206. The structure of the grown pyramids was visualized and was found that in 

an ideal case, the growth rate of the fast growing direction {110} was dominant while the 

growth rate in {111}direction was relatively slow. Thus in the ideal case no pyramids would 

form for pure In2O3 because the growth of a pyramidal structure only takes place when the 

growth rate on the {110} plane is comparable with the growth rate on the {111} plane. The 
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introduction of oxygen deficiencies in the crystal resulted in the decrease of the planar 

density. In this way, the number of unpaired bonds increased, and as a consequence, the 

energy of the {110} plane increased, which reduced the growth rate of the {110} plane. As 

soon as the growth rate of {110} plane became comparable with the {111} plane, the growth 

of pyramids started, as summarized in Figure 7.8(b). 

7.4. Optical properties of beaded nanowires: 

7.4.1. Raman spectroscopy: 

Further investigations of the structural features and quality of the nanostructures 

were carried out by Raman spectroscopy at room temperature. According to the XRD 

findings, the grown nanostructures have a bixbyite bcc crystal structure belonging to the 

space group Ia
3
 with the space group number 206. According to the group theory analysis, 

the 52 optical modes have the irreducible representation as below [22]: 

 

                                                       Eq. (7.6) 

 

The A1g, E1g, E2g, and Tg are Raman active, and Tu modes are infrared active. 

Therefore 32 active modes were expected to be present in the Raman spectra from bcc 

In2O3. Figure 7.9 shows typical representative Raman spectrum, where six modes from 

In2O3 are observed. The modes centered at 110, 133, 310 (E1g), 368 (E2g), 498 (A1g), and 

630 cm
-1

 are ascribed to the typical modes of bcc In2O3 [23]. The blue shift in peaks was due 

to the phonon confinement region as phonon could be confined by stacking faults, 

vacancies, boundaries, or pores. In the present case, it was believed that this has happened 

due to the presence of oxygen vacancies. 
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Figure 7.9: Room temperature micro Raman spectrum of In2O3 pyramidal beaded 

nanowires. 

 

We have observed that E1g mode is blue shifted by 2 cm
-1

 to 310 cm
-1

 compared to 

its bulk value In2O3 (308 cm
-1

) and the FWHM is approximately 15 cm
-1

. As a result of 

Gaussian-Lorentzian peak fitting, it was resolved as a combination of the two peaks marked 

in Figure 7.10(a). The one is a high intensity peak at 308 cm
-1

 and the other is a low 

intensity peak at a high frequency of around 313.9 cm
-1

.  

 

 

Figure 7.10: (a) Gaussian peak fittings of the Eg mode. (b) Fitting of Eg mode with the 

phonon confinement model. 
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There were two possibilities for the blue shift of Eg mode and its deconvolution in 

two peaks; the quantum confinement effect or the non-stoichiometry in the sample, i.e., 

oxygen vacancies in the system. The quantum confinement effect was ruled out because the 

Bohr radius of In2O3 is 2.3 nm but the nanostructures are much higher. So it was believed 

that the latter effect was dominant. An insight into the lattice disorder was obtained through 

utilizing the phonon confinement model (PCM). The model explains the quality of the 

crystalline structure by introducing a parameter known as correlation length, which is 

defined as the average size of the material homogeneity region. Here the correlation length 

was the distance between the adjacent oxygen vacancies. According to the PCM, the Raman 

line intensity, I(ω) at the frequency ω can be written as [24], 

 

      
            

           
  
 
  
 

 

  
                                              Eq. (7.7) 

 

Where            
     

     is Fourier coefficient, q is the wave vector in units 2 /a, L is the 

average distance between defects, Γ0 is the FWHM and ω (q) is the energy of the Raman Eg 

mode and is given by [25]: 

 

                                                     Eq. (7.8) 

 

The Eg mode of the Raman spectrum was fitted with equation (7.7) by using values: Δ = 20 

cm
-1

, a = 1.118 nm and ω0 = 308 cm
-1

, as shown in Figure 7.10(b). From the fit, the 

estimated value of the correlation length was obtained to be 9 nm. This confirmed that the 

observed shift was due to defects introduced by oxygen vacancies and was not related to 

other structural defects.   

The mode observed at 630 cm
-1

 was due to the In-O bonds; FWHM of the peak was 18 cm
-1

. 

The increased value of FWHM was another signature of the oxygen vacancies presence. It 
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was also important to determine the nature of oxygen vacancies, i.e., if these were singly 

ionized or doubly ionized vacancies. For this purpose, room temperature PL measurements 

of the synthesized nanowires were carried out. 

 

7.4.2. PL spectroscopy: 

Figure 7.11 shows a representative the PL spectrum of the nanowires taken at room 

temperature.  

 

Figure 7.11: Micro PL spectrum of In2O3 pyramidal beaded nanowires. 

 

Pure In2O3 is a wide band gap material and does not emit in the visible range, quite 

contrarily, a broad peak in that range was observed and was attributed to defects in 

nanostructures. The peak was fitted with two Gaussian functions peaked at 565 nm and 640 

nm. In these samples, a large no. of oxygen vacancies were presents that introduced the 

radiative center in the luminescence process. Thus, the peaks at 565 nm and 640 nm were 

due to oxygen vacancies. In fact there have been reports on oxygen vacancies related 

luminescence of yellow, 570 nm, 580 nm and red 646 nm emissions [26]. Normally such 

vacancies exist in three different charge states: VO
0
, VO

+
, and VO

++
. VO

0
 is a very shallow 

donor that is unable to produce luminescence in the visible region. So it was expected that in 
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the present case there were singly ionized vacancies responsible for the emission at 640 nm 

and doubly ionized oxygen vacancies responsible for the emission at 565 nm. These oxygen 

vacancies could act as reservoirs for charge carriers that would be helpful for the electrical 

current flow. On the other hand, pyramids would be good for the field emission if these 

contain less surface defects. During FE measurements current always flows on the surface of 

a wire. So In2O3 pyramidal beaded nanowires may be a good option for the FE applications 

compared to standard In2O3 nanowires. Motivated by these predictions, field emission 

measurements were performed at room temperature.  

7.5. Field emission properties of beaded nanowires: 

7.5.1. Field emission measurements: 

FE measurements of In2O3 nanowires have shown that they are indeed potentially 

good field emitters. Figure 7.12 presents FE data taken at a 80 µm gap between the anode 

and the sample in a vacuum at a pressure of 4×10
-6

 Pa. From the response of the emission 

current density as a function of the applied field (JE), it was concluded that the In2O3 beaded 

structures have a low turn-on field (Eto, defined as E at which J becomes 1 µA/cm
2
) of 11.7 

V/µm.  

 

 

Figure 7.12: J-E plot of In2O3 pyramidal beaded nanowires measured at a 80 µm gap 

between the anode and sample. 
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The FE current voltage characteristics were further analyzed by the Fowler 

Nordheim (F-N) equation.
 
Figure 7.13 shows that F-N plot at a distance of 80 µm and the 

linear variation of ln (J/E
2
) with (1/E) followed the FN behavior (solid line). The obtained 

field enhancement factor from the slope of F-N plot was 574. Some deviation from the F-N 

theory and current saturation was also observed probably due to the contact resistance 

between the nanowires and the substrate.  

 

Figure 7.13: F-N plot of In2O3 pyramidal beaded nanowires measured at a 80 µm gap 

between the anode and sample. The solid line is the fitting of FN theory to 

experimental data.  

 

 

Figure 7.14: J-E plots from In2O3 pyramidal beaded nanowires as obtained at different 

vacuum gaps. 
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Figure 7.14 illustrates the FE curves measured at different vacuum gaps (d). When the 

vacuum gap increased from 60 to 180 µm, the turn-on field decreased from 14.5 to 5.8 

V/µm. The measured values of turn on filed was 14.5, 11.75, 9.7, 8.8, 7, 6.4 and 5.8 V/μm
-1

 

for d=60, 80, 100, 120, 140, 160 and 180 µm, respectively. This shows that with the increase 

in the vacuum gap led to the decrease in turn on field, which was due to the screening effect. 

The detail analysis of screening effect is presented in the next section. 

 

 

Figure 7.15: FN plots of In2O3 pyramidal beaded nanowires obtained at different vacuum 

gaps. 

 

Figure 7.15 presents FN plots obtained at different vacuum gaps between the 

electrodes. The obtained field enhancement factors (obtained from the slope of the linear 

part of FN plots) were, 362, 574, 792, 905, 1279, 1527 and 1775 for d=60, 80, 100, 120, 

140, 160 and 180 µm, respectively and the variation of field enhancement factor, turn on 

field as a function of the vacuum gap is plotted in Figure 7.16. 
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Figure 7.16: Variation in field-enhancement factor and turn-on field (at 1 µA/cm
2
) with a 

change in vacuum gap d.  

 

7.5.2. Screening effects: 

As the vacuum gap increased the field enhancement factor also increased. The 

dependence of field enhancement factor on the vacuum gap could be explained on the basis 

of Philip’s model. According to this model the field enhancement factor is not a sole 

characteristics of nanowires but of the entire setup and is dependent on the vacuum gap and 

the radius of the emitting tip. It is written as [27]: 

 

      
 

 
       

 

 
                                              Eq. (7.9) 

 

Here S is the screening factor. The calculated field enhancement factor by using Philips law 

(βcal) for a single wire emitter (i.e S=1) was obtained as: 601, 801, 1001, 1201, 1401, 1601 

and 1801 for d=60, 80, 100, 120, 140, 160 and 180 µm, respectively. It was interesting to 

plot the ratio between the βcal and βFN (calculated by the slope of FN curves), as shown in the 

Figure 7.17. From the trend we could see that the ratio was high in the beginning and then 
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decreased, and finally reached the unity at 180 μm. This was explained by using the 

following relation, 

 

  
   
 

 
  

      
 

 
                                             Eq. (7.10) 

 

Equation (7.10) clearly shows the dependence of screening factor, S, on the radius of the 

emitting tip and the vacuum gap between the sample and anode. The value of S varied from 

0 to 1, S = 1 for a single emitter which has no effect due to the environment and S => 0 for 

the most dense emitters. The calculated screening factors of the present system at different 

values of separation are plotted in Figure 7.17. 

 

 

Figure 7.17: Fitting of experimental data points with Philip’s model. The ratio of calculated 

field enhancement factors (βcal) and measured field enhancement factors (βFN) 

(left) and variation of the screening factor (right) were plotted as a function of 

vacuum gap.  
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It is evident that by increasing the vacuum gap, the screening was reduced, and hence the 

field enhancement became high. The ratio between the field enhancement factors thus 

reached to unity due to wiping out of the screening effect.   

 

7.5.3. Field enhancement region and absolute amplification factor: 

When 1/β versus 1/d was plotted, as shown in Figure 7.18, it became clear that 1/β 

varied linearly with 1/d, i.e., the larger the vacuum gap, the higher was the value of β.  

 

 

Figure7.18: Linear fit to the variation of 1/β with 1/d based on the TRFE model.  

 

On the basis of the two-region field-emission (TRFE) model, the results could be 

approximated by [28]: 

 

 
 

  

 
 

 

  
                                              Eq. (7.11) 

 

Where d2 is the width of the field-enhancement region near the nanowires surface and βo is 

the absolute amplification factor, which was intrinsically determined by emitters 
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independent of d and the applied field. The values of d2 (= 195 nm) and βo (1720) were 

determined by the linear fits, as given by the slope and the intercept, respectively. 

 

7.5.4. Comparison with the reported results: 

A comparison with other field emitters shows that the value of d2 for the present 

In2O3 nanowires is much higher than for CdS nanocones grown on a Si substrate (d2 = 110 

nm)[29],
 
ZnO nanorods grown on a Si substrate (d2 = 62 nm)[30], and ZnS tapered 

nanowires emitter (d2 = 55 nm)[31]. Table 1 summarizes the comparative key FE parameters 

of In2O3 nanostructures with different FE materials found in the literature. Decent emission 

demonstrated that the present structures could find potential applications in the cold-

cathode-based electronics. 

 

Table 7.1: Comparison of the key FE parameters of standard In2O3 and other FE materials 

found in the literature with the present In2O3 pyramidal beaded nanowires FE 

performance. 
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7.6. Summary: 

Pyramidal beaded In2O3 nanowires were successfully synthesized by using hydrogen 

assisted thermal evaporation. This was explained on the basis of the reduction reaction 

taking place at the source. Different vapor growth species like In2O, In etc were formed and 

were responsible for the growth of oxygen deficient In2O3 nanostructures. Oxygen vacancies 

had a large impact on the growth rates of different planes and on the ultimate morphology of 

the nanostructures. Possible growth mechanism was discussed in detail and explained with 

the help of visualization of electrical and structural analysis (VESTA). Structural, 

compositional, optical and field emission characteristics were studied which confirmed the 

oxygen deficient growth. Correlation length of defects was also calculated by using PCM 

and found to be around 9 nm. Field emission properties of the synthesized In2O3-x showed 

low turn on fields ranging from 5.8 to 14.5 V/µm and the field enhancement factors ranging 

from 1775 to 362, respectively, at various cathode distances. The experimental results of 

field emission were successfully fitted with Philips model and two-region field emission 

(TRFE) model to determine the screening effect, absolute amplification factor and width of 

the field enhancement region. The present approach to grow beaded nanowires may pave the 

way for fabrication of other unique nanostructures for application in novel optoelectronic 

devices. 
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Chapter 8 

Conclusion and future work 
 

An understanding of the physical mechanisms responsible for affecting the growth 

and doping of nanostructures in the VLS growth mechanism is essential for the tailoring of 

electrical and optical properties. The work presented in this thesis established a scientific 

understanding of key parameters influencing both, the growth rate and the doping rate. The 

dependence of the growth rate and self doping rate on the growth temperature, radius of the 

droplet, supersaturation in the catalyst droplet has been explored. It has also been 

demonstrated theoretically and experimentally that suitable choice of catalyst was quite 

important for nanostructures for device applications. Optical properties of the self doped 

nanostructures were studied in details and an effort was made to shed light on the intrinsic as 

well as dopants related defects.  

8.1. Conclusions:                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

The effect of different droplet densities of Au catalysts were studied on the ultimate 

morphologies of ZnS nanostructures. The low density of catalyst droplets on the substrates 

led to the growth of asymmetric nanostructures due to diffusion of adsorbed vapors from the 

substrate to the catalyst droplet. A high density of catalyst droplets led to the growth of 

symmetrical nanowires. High quality tapered ZnS nanostructures were also synthesized by 

controlling the surface diffusion through substrate temperature and carrier gas flow. 

HRTEM images of tapered nanostructures showed that individual nanostructure was a single 

crystal with the [100] growth direction.  

It has been demonstrated that the radii of the catalyst droplets (e.g., Au) the size of 

the catalyst droplet was very important for its solubility in the growing nanostructure. 

Despite of the large bond energy and difference between the bond energy of Zn-S and Au-S, 

the solubility was high in the ZnS nanobelts when the Au droplet size was the smallest.  This 

was confirmed by the quantitative analyses of the XRD and XPS data. The solubility 

dropped drastically when the Au droplet radius increased. The thermodynamic (self doping) 
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model provided the qualitative as well as the quantitative analyses of the doping of the 

catalyst in the nanowire and supported the experimental findings.  

It was also demonstrated that the type of the catalyst strongly affected the growth 

rate and self doping rate. Different metal catalysts have different accommodation 

coefficients, diffusion coefficients and different bonding energies with the host lattice. These 

directly affected the growth rate and the site of dopant, i.e., either in the bulk or on the 

surface. It was also determined that a catalyst with low values of equilibrium solubility, 

eutectic temperature and vapor pressure may be used for obtaining high growth rate. In the 

case of Au, Mn and Sn, the growth rate of Sn catalyzed ZnS nanostructures was the highest 

and Mn catalyzed ZnS nanostructures was the lowest.  

PL properties of self doped Au, Mn and Sn catalyzed ZnS nanostructures grown with 

varied thicknesses of catalysts showed the formation of all major types of defects 

responsible for luminescence in the visible region. In Au catalyzed ZnS nanostructures, for 

smaller catalyst thicknesses, the vacancies in the host medium were dominant while with 

increased catalyst thickness, the catalyst related defects played a dominant role in emission 

characteristics. For Mn catalyzed nanostructures, increase in Mn solubility led the formation 

of clusters and quenched luminescence. In the case of luminescence quenching, Mn d-d state 

transition reduced and major contribution in the luminescence came from intrinsic (S, Zn) 

defects. With the decrease in Mn concentration, it uniformly doped at tetrahedral cationic 

substitution and luminescence appeared due to Mn d-d states transitions, which resulted in 

the decrease of the magnitude of intrinsic defects related emissions. In Mn, Au and Sn 

catalysts, defects due to S vacancies varied very little, while defects due to Zn vacancies 

varied greatly from Au, to Mn to Sn. Catalyst related defects showed stronger emission in 

Au and Mn catalyzed nanostructures.  

Raman spectra for each type of catalysts showed variation in the surface potential 

created as a result of self doping of the catalyst on the surface. Surface optical phonons were 

observed due to symmetry breaking at the surface. Dielectric continuum (DC) model was 

used to calculate the wavelength of surface potential modulations. For Au, it was the largest 

and for Mn and Sn it was comparable. Large value of the surface potential modulations for 

the Au showed that incorporation of Au into the ZnS nanostructures was not uniformly 
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while incorporation of Sn and Mn was fairly uniform during the growth. For different 

thicknesses of Au and Mn, values of modulation wavelengths of symmetry breaking were 

high with the increase in solubility which showed that catalysts were doped in agglomerated 

form.  

In the present study, the pyramidal beaded In2O3 nanowires were successfully 

synthesized by using hydrogen assisted thermal evaporation for the enhancement of FE 

properties. Growth of beaded nanowires was explained on the basis of reduction reaction 

taking place at the source. Different types of growth species were formed due to reduction 

reactions and were responsible for the growth of oxygen deficient nanostructures. Possible 

growth mechanism for the beaded nanowires was explained with the help of visualization of 

electrical and structural analysis (VESTA) software. Structural, compositional and optical 

characteristics confirmed the oxygen deficient growth.  

Field emission measurements from the tapered nanostructures showed that tapered 

nanowires were excellent field emitters with a turn on field ranging from 5.5 to 11.67 V/µm 

and the field enhancement factor varying from 1940 to 890, respectively, at various cathode 

distances. The absolute amplification factor was calculated by using two-region field 

emission (TRFE) model and was found to be comparable to carbon nanotubes. The values of 

width of the field-enhancement region near the nanowires surface and absolute amplification 

factor were 55 nm and 6992, respectively. Fitting of experimental data to Fowler-Nordheim 

equation revealed that the emission was from the nanowire tips. 

Field emission properties of In2O3 pyramidal beaded nanowires showed low turn on 

fields ranging from 5.8 to 14.5 V/µm and the field enhancement factors ranging from 1775 

to 362, respectively, at various cathode distances. The measured values for width of the 

field-enhancement region near the nanowires surface and absolute amplification factor were 

195 nm and 1720, respectively.  

8.2. Future work:   

Based on the present studies, following issues are identified for future studies. 
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1. The present findings clearly showed that the surface of nanostructures can be doped 

by using various choices of catalyst. These traces of the metal catalyst at the surface 

of the nanowire can enhance the sensing properties of the nanowires. 

 

2. These self doped 1D nanostructures may have potential application in single 

nanowire based field effect transistors, where single nanowire can be used as a 

channel.   

 

3. Field emission measurements were performed at room temperature. Temperature 

dependent field emission properties may be measured for reduced turn on field and 

increase in the emission current. High emission current densities are the requirement 

for many unique applications e.g., electron microscopes, etc. 

 

4. In gas sensors, surface of the nanostructures plays a vital role and the beaded 

nanowires could be good candidate for the sensing application due to high surface 

area. Hydrogen assisted thermal evaporation was used for the synthesis of beaded 

nanowires. By changing the hydrogen gas content in carrier gas, morphology of the 

nanowires can be tune from pyramidal beaded nanowires to spherical beaded 

nanowires. This offers large surface area for the reaction which may result to 

enhance the sensitivity of the sensor. 
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