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Chapter 1 
 

 

Introduction 
 

This thesis provides information about synthesis and physical property study of binary oxide 

nanostructures (e.g WO3, TiO2). Binary oxide nanostructure has been at the center of 

attention in last 4-5 decades due to its versatile nanostructure and various synthesis 

techniques, due to which one might be able to control/modify its physical properties. This 

control over physical properties has drawn attention due to the wide applications of metal 

binary oxides in the field of nanotechnology especially optical, energy, gas sensing and 

electrical etc. [1-9]. This thesis focuses on these aspect and underlying physics behind this. 

The main motivation of this thesis work involves growth of aligned one dimensional (1D) 

metal binary oxide nanostructures in physical vapour deposition (e.g. Pulse Laser Deposition 

(PLD)), hydrothermal (wet chemistry) techniques and porous 1D nanostructure by 

hydrothermal method controlling the growth parameters. Further, the physics behind the 

growth of these nanostructures has been investigated by interface physics study using 

spatially resolved tools and techniques. In this thesis, analysis has also been carried out to 

investigate the effect of size, shape and morphology tuning of metal binary oxide 

nanostructures (e.g.WO3) on the physical properties (e.g. opto-electrical, gas transport). A 

brief review about the crystal structure, interesting physical properties of these metal binary 

oxides have been provided in this chapter. Lastly an overall outline of the thesis has been 

presented in this chapter to highlight the main research works of this thesis. 
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1.1 Introduction to binary oxides 
 

One of the most promising field in the scientific and engineering communities is synthesis of 

binary oxide thin films and nanostructures (e.g. nanowires (NWs)), nanorods, nanobelts and 

nanotubes) for their potential advanced technological applications as nanoscale devices and 

also in the domain of basic nanoscience research [1,3,6-7,9]. Study on synthesis and physical 

properties of binary oxide nanostructure will provide information about the effect of size 

reduction, shape and morphology modification upon physical properties (e.g. optical, opto-

electrical, electrical transport and gas transport etc.) [10-11]. 

Among all the binary oxides, metal binary oxides (e.g. WO3, TiO2 etc.) are much more 

promising in terms of application in nanoscale regimes. Especially tungsten and titanium 

oxides are widely studied in last few decades for their synthesis of different types of 

nanostructures and devices followed by a wide variety of applications in energy harvesting 

like solar cell, environmental hygiene, harmful gas sensing devices etc. It has also been 

observed that at nanoscale level metal binary oxides show modified as well as novel physical 

properties compared to their bulk version [1, 3-7, 12]. 

In earlier reports research has been carried out on different metal binary oxide nanostructures 

synthesis, properties and applications [4-5,12-17], but effect of size, shape tailoring upon 

physical properties and its outcome was less studied due to difficulties in device fabrication 

with homogenous composition, controlled shape and size of the nanostructure. Also the 

possible mechanism behind size, shape tailoring and growth was less studied considering the 

requirement of spatially resolved tools and techniques. Thus the control of growth parameter, 

interface physics behind growth of nanostructures on different substrates and the possible 

mechanism for different physical properties are still an open field for research. 

This thesis has concentrated on the synthesis of metal binary oxide thin film and 

nanostructures by controlling the growth parameters in different growth techniques (e.g. 

Pulse laser deposition (PLD)), Wet chemistry synthesis (Hydrothermal method) etc. The 

growth of aligned nanowires starting from thin film is a non-trivial growth method in PLD, 

which has been achieved in this thesis by tuning the growth parameters. To the best of our 

knowledge, it has not been reported earlier. In hydrothermal route, synthesis of vertically 

aligned nanorods, and one dimensional (1D) porous nanostructure were also another 

development achieved in this thesis work. 
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The understanding of the growth dynamics has been successfully provided in detail by 

investigation on interface physics at the substrate and nanostructure interface down to tens of 

nanometer level and surface chemistry analysis in this thesis. This study was possible by 

utilizing spatially resolved sample preparation and characterization tools and techniques. This 

kind of interface physics study for understanding growth mechanism of aligned nanowires 

using the spatially resolved tools was not reported earlier.  

In this thesis, the grown binary oxide nanostructures (e.g. WO3) have been utilized in 

fabrication of devices for the analysis of effect of size, shape and morphology tuning on 

physical properties (e.g. Opto-electrical, gas transport). The size, shape and morphology 

tuning of nanostructure was a non-trivial process and involves greater knowledge about the 

growth dynamics of the material, which in turns provides information about the origin of 

different physical properties and its modification. 

Previously the interaction of gas with binary oxides was mainly analyzed using the electrical 

response of those materials under different gas environments [18-20]. In this thesis, the study 

of diffusion/transport of gases through 1D porous metal binary oxide nanostructures (e.g. 

WO3) (nanowires, nanotubes) was performed using spatially resolved laser spectroscopy 

analysis and the interesting new phenomena of isotopic selective gas transport through the 

porous nanostructure has been observed. 

 

1.2 Fundamental properties of binary oxides 
 

This section provides a review about fundamental properties like, crystal structure, phase, 

physical and chemical properties (e.g. optical, electrical, gas sensing and electrochromism 

etc.) of binary oxides. This thesis mainly focuses on metal binary oxides among those further 

studies on growth of tungsten oxide (WO3), titanium oxide (TiO2) and physical property 

study on WO3 nanostructures have been performed. Hence, the review of fundamental 

properties will be focused on those two binary oxides. 

 

1.2.1 Crystal structure and phase of binary oxides 

 

Metal Binary oxides are most widely used material from its bulk or nano form due to its 

versatile nanostructures and properties. In this section further information will be provided on 

nanostructured WO3 and TiO2 as they are extensively studied in past few decades considering 
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wide variety of physical properties (e.g. optical, electrical, electrochromic, photocatalytic, 

and solar cell) [5-7, 13-16]. 

 

a) Crystal structures and phases of Tungsten Oxide (WO3): 

 

Tungsten oxide (WO3) is a metal binary oxide having simplest cubic structure like ReO3, 

formed by corner sharing of regular octahedrons of WO6 octahedra. As a function of 

temperature different phases of WO3 are: monoclinic II (ε -WO3) <-43°C, triclinic (δ -WO3) 

from -43°C to 17°C, monoclinic I (γ -WO3) from 17°C to 330°C, orthorhombic (β -WO3) 

from 330°C to 740°C, tetragonal (α -WO3) > 740°C [21-23]. The structural model of all the 

structures was 1
st
 provided by P. Roussel in 2000 and recently provided by F. Wang et.al in 

2011 (Fig. 1.1(a-f)) that also supported in review research work by H. Zheng group in 2011 

and Ting Guo group in 2015 [4, 20-24]. In another recent work by S. Pokhrel et.al [25] 

provided a clear relation between different crystals (e.g. monoclinic (m), orthorhombic (O) 

and tetragonal (t)). The lattice parameters are related by this relation: am ≈ ao ≈ (at - bt); bm ≈ 

co ≈ (at + bt); cm ≈ bo ≈ ct. There is a mention of another stable structure of WO3 being 

hexagonal WO3 (h-WO3), first reported by Gerand et.al in 1979, [26] and which was further 

confirmed by other research works by different groups [27-30]. Fig. 1.2 represents the 

schematic hexagonal WO3 structure obtained from WO6 octahedra. In the ab plane three and 

six- membered rings are present. This three and six member rings from trigonal cavity 

appearance and hexagonal windows respectively [30]. Although the hexagonal structure is 

also metastable above 400°C and annealing exceeding that temperature transforms it into 

monoclinic structure [31-33]. The phase transition behaviour in case of nanostructured WO3 

or WOx is completely dominated by the synthesis process and the precursor used for that 

synthesis. The size reduction of WOx crystallites increases the surface energy and reduces the 

melting and sublimation temperatures, as proposed from the Gibbs-Thomson expression [34, 

35]. Therefore phase transition of WOx nanostructures occurred at lower annealing 

temperature compared to bulk WO3 [35]. In a report of Boulova and Liu et.al [33, 35-38] 

using in situ Raman spectroscopy for WO3 nanoparticles (2-500nm), phase transition was 

observed at lower temperatures compared to its bulk counterpart as mentioned earlier. The 

Raman spectroscopy result for 60nm particle confirmed the phase transformation from γ to β 

WO3 at 270ºC and to α WO3 at 670ºC. Few recent works also stated about the stability of 

orthorhombic phase provided post annealing done on the as prepared nanostructures [37, 39]. 



 

 

Chapter 1                                                                                                                 Introduction 

5 

 

Figure 1.1: Structural models of WO3 structures (a) room temperature monoclinic (WO3), 

(b) simple cubic, (c) tetragonal (WO3), (d) low temperature monoclinicWO3), (e) 

triclinic (WO3) and (f) orthorhombic (WO3). Spheres represent W (green balls) and O 

(red balls) atoms. All the models shown contain 256 atoms. Reprinted with permission © 

2011, ACS Publication [21]. 
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Figure 1.2: The hexagonal-WO3 structure along (a) [001] plane, (b) [100] plane. Reprinted 

with permission © 2009, ACS Publications [30]. 

 

This thesis provided information about controlling the crystal structure of 1D nanostructure in 

PLD synthesis and effect of tuning of parameters on the same which was not well studied in 

this context. WO3 is a transition metal oxide and consists of perovskite units, which supports 

non-stoichiometric properties as the lattice can withstand significant amount of oxygen 

deficiency [40, 41]. It was also reported that the electronic band structure (or conductivity) of 

WO3 could be modified by a large amount with a small deficiency in oxygen [41, 42]. Few 

commonly known WOx compositions are W20O58, W18O49, W24O68 formed by corner sharing 

of WO6 partially at the edge, alternating the octahedra. This change in structure was due to 

oxygen reduction [40, 41]. The reduction, elimination of oxygen takes place due to crystal 

shear mechanism [40, 41]. 

 

b) Crystal structures and phases of Titanium Oxide (TiO2): 

 

Titanium Oxides (TiO2) have been the commonly used metal oxides since early twentieth 

century for its application in pigmentation, painting technology etc. It has two known and 

stable structure: rutile, anatase and one rare structure: brookite. In TiO2 structureTi
4+

 ions are 

surrounded by an octahedron of six O
2-

 ions to configure chains of TiO6 octahedra which 

form these three crystal structures of TiO2 [43-45] [Fig. 1.3]. In a recent report it has been 
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observed that as prepared TiO2 nanostructures shows amorphous nature which under heat 

treatment modifies it from amorphous to rutile and anatase structure [46]. The two stable 

crystal structures differ in two points (i) distortion of the octahedron, (ii) octahedron chain 

assembly pattern. 

 

Figure 1.3: Crystal structures schematic diagram of TiO2 (a) rutile, (b) anatase, and (c) 

brookite; Ti (Blue), O (Red). Reprinted with permission © 2012, IOP Publishing [44].  

 

The overall differences between rutile and anatase crystals of TiO2 are sum up in Table 1.1.  

 

Table 1.1: Comparison between Rutile and Anatase TiO2 crystal phases 

 

Fig. 1.4 shows X-Ray Diffraction (XRD) patterns of TiO2 nanoparticles having different 

crystal structures. It has also been reported that as the peaks get narrower the size becomes 

larger for nanoparticles [47-52]. Although in case of nanorods the growth direction was 

confirmed by the sharp peak at that orientation. Zhang et.al showed in their report about the 

sharp peak along [004] direction and broader peak in all other directions. This report was 

confirmed by many other reports [47, 52-54]. 

Rutile TiO2 Anatase TiO2 

 Octahedron shows slight Orthorhombic 

distortion 

 Ti-Ti bond length is large. 

 Octahedron surrounded by 10 neighbor 

octahedron  

 Octahedron shows distortion to lose the 

orthorhombic symmetry 

 Ti-Ti bond length is small. 

 Octahedron Surrounded by 8 neighbor 

octahedron  
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This thesis provides information about 1D TiO2 nanostructure growth with high crystallinity 

along with understanding on effect of substrate surface chemistry and growth parameters on 

crystal structure and surface morphology. 

 

Figure 1.4: XRD patterns of TiO2 nanoparticles prepared by hydrothermal treatment (a) 

anatase: 1.5 M acetic acid, 6 h 200
o
C, (b) rutile: 4 M HCl, 8 h, 200

o
C, (c) brookite: 3 M HCl, 

7 h, 175
o
C. The reference line patterns correspond to the JCPDS: No 21-1272 (a), No 21-

1276 (b) and No 29-1360 (c), respectively. Reprinted with permission © 2008, IOP 

Publishing [48]. 

 

1.2.2 Optical and electrochromic properties of binary oxides 

 

Among different physical properties of binary oxide optical properties are studied for last 5-6 

decades due to potential applications in solar cell technology, optical sensors and other 

optical devices. In recent times Zinc oxide (ZnO) has been studied the most [8-9] in view of 

its optical property. In this thesis interest in other metal binary oxides (e.g. WO3,) having 

similar properties has been shown. In this section optical properties of WO3 will be discussed.  

Tungsten oxide, a n-type wide band gap semiconductor where the valance band is formed by 

O 2p orbital and the conduction band formed by W 5d orbital [41, 54]. The electronic band 

gap between these two bands is Eg. Earlier reports and analysis confirmed that the band gap 

of amorphous WO3 is much higher (3.25eV) compared to crystal phase WO3 (Monoclinic Eg 

= 2.62 eV) [41]. In case of nanostructured WO3, it has been reported that with the reduction 

in grain size of the nanostructure, the band gap reduces [54] and this was experimentally 
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confirmed from the blue shift in the Ultraviolet (UV)-Visible spectra of those nanostructure 

having different grain size [55]. This shift is well defined using Quantum Confinement (QC) 

[54, 56], which is broadly divided into two regimes; strong QC found in materials with size 

smaller than its Bohr radius (WO3≈3nm radius) affecting electron wave function hence Eg 

[57]. The other one is weak QC found in materials with larger size than its Bohr radius which 

showed stable modification of Eg by indirect perturbation of electron wave function due to 

coulomb effect [56]. 

In a report by Gullapalli et.al [54] they had synthesized WO3 nanostructures of different size 

(9-50nm) by Radio Frequency (RF) sputtering at temperature range (100-500°C) and 

observed the transmission spectroscopy and confirmed that due to reduction in crystal size 

blue shift takes place and the band gap widened Fig. 1.5(a). It has also been observed that γ-

WO3 grown at temperature 300-500°C have wider band gap compared to its bulk counterpart 

(Eg = 2.62eV), which supports the weak QC effect. It has been further confirmed that the 

phase transformation due to increase in temperature also plays an important role in 

modification of Eg (Fig. 1.5(b)) [54]. 

 

 

 

Figure 1.5: The RF-sputtered WO3 thin films (a) Transmittance spectra at different substrate 

temperatures, (b) Ts–Eg relationship; Reprinted with permission © 2010, American Institute 

of Physics [54]. 

 

An optical property of a material is determined by absorption wavelength which is actually 

governed by energy bandgap. As mentioned earlier from different reports and studies typical 

bandgap for WO3 is 2.60-3.25eV with a blue shift from bulk to nanostructure [54-55, 58-59]. 

WO3 was reported to be typically transparent to light in the visible region. The absorption of 
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light in case of light (Photon) energy is higher than the band gap energy and may be 

approximated using the equation 1.1: [55] 

ε α (ε-Eg)
η
…………...(1.1) 

Where, ε = the photon energy and η =2 considering indirect transitions in case of WO3. In 

Fig. 1.5(a) transmission spectra of WO3 material, showed absorption edge from UV to blue 

wavelength [54]. In case of nonstoichiometric tungsten oxide (WOx, typically found in light 

green colour) the transmission edge in blue-green region observed with a broad absorption 

peak in red to infrared region. Reports confirmed that this happens due to electron transfer 

from W
6+

 to W
5+

 [59]. Other important parameters for optical devices are refractive index 

which in case of WO3 is around 2-2.5 [60]. The effect of surface morphology tuning on 

optical response modification was not explored in detail which has been highlighted in this 

thesis. 

 

Beside optical properties WO3 also showed response in terms of colour change due to 

electrochemical reaction, known as electrochromic effect. In this reaction injection of 

positive ions (x) and equal quantity of electron (e
-
) takes place following equation 1.2: 

WO3 + xM+ + x-MxWO3……………………(1.2) 

Where, M = Li, H and Na, and x stands for stoichiometric quantity. Earlier studies provided 

information about this reaction and also showed that this electrochemical response arises also 

due to crystal structure of WO3. Amorphous and crystalline WO3 gives different 

electrochromic response [61-65]. In the visible region absorption peak was observed in case 

of amorphous WO3 corresponding to polaron absorption, whereas crystalline WO3 had 

smaller absorption response under different wavelength. In case of amorphous films, 

electrons are localized in the W
5+

 sites induces lattice vibration by polarizing their 

surroundings [66, 67]. The inserted cation (M+) was spatially separated from electrons either 

sitting in the centre of the perovskite or chemically bounding with electrons and creates 

polarons [68, 69]. In case of crystalline films those electrons follow Drude model followed by 

scattering due to impurities [69]. This promotes metallic nature of the film and at infrared 

wavelengths reflectivity increases along with higher absorption at all wavelength. This lowers 

the chromic response of the films [70]. 

Electric Double Layer Field Effect Transistor (EDL-FET) characteristics will be studied 

using WO3 thin film as channel. But, due to electrochromic effect lithium tungstate was 

formed by reaction of WO3 with the gate material (mixture of LiClO4 and PEO) and the 
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initially obtained response was not reproducible more than 1-2 times. The results and 

explanation are provided in appendix in this thesis. 

 

1.2.3 Opto-electrical property of binary oxides 

 

Electrical conductivity (in presence or absence of light) is mainly dominated by the number 

of free electrons present in the conduction band in case of n-type metal oxide semiconductor 

materials. The stoichiometric defects like oxygen vacancies play an important role for 

controlling generation of free electrons in the conduction band [71]. 

Opto-electrical response was studied for few decades in WO3 thin film and nanostructures 

mainly for photo electrochemical (e.g. water splitting) and other applications. Many reports 

are found in case ZnO nanostructure for opto-electrical property analysis in recent few years 

[72-73]. In last one decade WO3 also creates much more attention as an opto-electrical 

device. In Yang et.al report they have shown photoresponse in WO3 nanostructured film by 

sol-gel method [74]. Another report by Huang et.al provided information about a large 

photoreponse along on a single WO3 nanowire in vacuum and air [1]. The photo current 

decays very quickly once the device was put in atmospheric condition from vacuum, after 

illumination was turned off, as shown in Fig.1.6 (a). Also the response was increase very 

rapidly when it was exposed to UV light as shown in Fig. 1.6 (b) (explained in section 1.2.2). 

This response actually described about the Persistence Photocurrent (PPC) after removal of 

illumination. This was earlier observed in case of ZnO nanostructured film by another group 

[75]. In this thesis further investigation has been carried out to observe how one can tune 

opto-electrical response of WO3 films and nanostructures by tailoring the surface 

morphology, which has not been explored in great detail earlier. 
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Figure 1.6: (a) The persistent photoconductivity of the WO3 nanowire device under vacuum 

and in air conditions, (b) The persistent photoconductivity under discontinuous UV 

illumination. All the biases are 0.1 V. Reprinted with permission © 2011, Springer open [1]. 

 

1.2.4 Gas transport property of porous binary oxides 

 

Another important physical property of metal oxides semiconductors was observed in 6-7 

decades ago, of its ability to respond in presence of different gases [76]. 

Among them, WO3 grabs more attention due its wide band gap and n-type nature. In last 2 

decades mainly porous 1D metal oxide nanomaterial (having large surface aspect ratio, 

length: diameter) has garnered more attention due to their higher ability to interact with 

gases. This interaction not only occurs at the surface but also inside the bulk [77]. This leads 

to synthesis of various porous metal oxide films and nanostructures (e.g. nanowires, 

nanotubes, nanoplates, nanoneedles, nanorods and nanoparticles etc.) [78-84], for analysis of 

gas transport/diffusion property. Till date reports regarding interaction of gases with binary 

oxide nanostructures has been mainly reported as changes in electrical property for gases like 

NO, NO2, H2, H2S [84-86], as well as for volatile organic gas compounds like ethanol, 

acetone [79, 87]. Also in last few decades it has been observed that to increase the sensitivity 

and selectivity of gas interaction, various materials coating or decoration (e.g. Pd, Pt, and Au) 

have been used [81-82, 87-88]. Very recently J. Li et.al provided a comparative study on gas 

sensing by hydrothermally synthesized self-assembled hierarchical tungsten oxide hollow 

sphere (HS) [89]. The Study provided information about higher sensitivity of NO2 gas over 

other gases like H2, CO, C2H5OH etc. In Fig. 1.7 Field Emission Scanning Electron 

Microscope (FESEM) image of hollow sphere annealed at different temperature which also 

improves the gas sensing in terms of change in resistivity and Fig. 1.8 its NO2 gas sensing 
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response along with other gases has been shown. The response was studied at different 

temperature based on the change in resistance of the nanomaterial. 

The study of gas transport property also includes analysis regarding the mechanism behind 

the gas sensitivity. In the two last decades few reports provided information about the sensing 

mechanism from the gas diffusion aspect and for which, additionally except the size, shape 

and morphology of nanostructure, porosity along with large aspect ratio was considered for 

better sensitivity of gases in metal binary oxides [77, 90]. 

 

 

 

Figure 1.7: FESEM images of the WO3·H2O products annealed at (a) 400°C, (b) 500°C, (c) 

600°C and (d) 700°C in air for 1 h. Reprinted with permission © 2015,ACS Publication  

[89]. 

 

 
 

Figure 1.8: The hierarchical WO3 HS (a) Response and recovery curves for 100 ppb NO2 

after 3 cycles of gas on and off at 140°C, (b) Response curve to different concentrations of 

NO2 ranging from 10 to 150 ppb and measured at 140°C; Responses of WO3 material (c) 

annealed at different temperatures to 100 ppb NO2 at different operating temperatures, (d) 

Responses to various gases at different operating temperatures. Reprinted with permission © 

2015, ACS Publication, [89]. 

 

Porous structure and large aspect ratio is possible for nanowires, nanotubes and nanosheets 

which shows better gas sensitivity [77, 91]. Guo et.al developed highly porous CdO 

nanowires and showed that it provides better gas sensitivity due to large surface area for 

better gas diffusion inside the nanowires [90]. 

In Fig.1.9 (a) shows High Resolution Transmission Electron Microscope (HR-TEM) images 

of those nanowires and in Fig. 1.9 (b) gas sensing response at different concentration of NOx. 
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It has been observed from the gas sensing response that the device fabricated using porous 

CdO nanowires possess good response time, high signal to noise ratio with sensitivity down 

to 1ppm of NOx [90]. 

 

Figure 1.9: (a) High-Resolution TEM image of porous CdO nanowires, (b) real-time 

response of the sensor device upon exposure to different concentrations of NOx with the 

device bias fixed at 0.1 V. Reprinted with permission © 2008, IOP Publishing [90]. 

 

The gas diffusion through porous 1D nanostructure of binary oxide (e.g. WO3) has been 

shown in this thesis and interestingly it has been observed that during diffusion of a gas, 

separation of isotopes of that gas occurs (e.g. 
12

CO2, 
13

CO2) [92]. It is a new observation and 

was not reported before. The details analysis and discussion of results have been provided in 

this thesis. 

 

1.3 Synthesis techniques of binary oxide thin films and 

nanostructures 
 

Binary oxide synthesis was done using different techniques such as Physical Vapour 

Deposition (PVD) and Wet Chemistry etc. techniques for the last 5-6 decades and very few 

reports are available about tuning morphology of binary oxides during synthesis. Among 

different growth techniques for thin film and nanostructures of binary oxides few of the 

common techniques which had been used extensively for growth engineering are sputtering, 

thermal evaporation, spray pyrolysis, template, hydrothermal, sol-gel method, Chemical 

Vapour Deposition (CVD) and Pulse Laser Deposition (PLD, a type of PVD) techniques 

mainly for thin films growth [93-98]. In these different growth techniques different structures 

like 0-D (nanoparticles) to 3-D (polyhedrons) and other hierarchical structures were grown.  
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Though synthesis of binary oxides (e.g WO3, ferrites, ZnO) nanostructures like nanoparticles 

[99], nanorods on different substrate [100] doped nanorods [101], catalyst free nanorod [102-

103], nanorods arrays [104-106] and nanoplates [107] etc. using PLD and wet chemistry 

(hydrothermal) technique have been reported earlier but detailed characterization, growth 

mechanism analysis was not performed. Fig. 1.10 shows SEM images of doped and undoped 

ferrite nanorods grown in PLD [102].  

 

 

 

Figure 1.10: (a) SEM image showing synthesized iron oxide nanorods, (b) Higher 

magnification SEM image showing aligned Mg-doped iron oxide nanorods. Reprinted with 

permission © 2006, ACS Publication [101]. 

 

In Fig. 1.11 shows SEM images of WOx nanostructures on Tungsten (W) substrate which are 

not vertically aligned, smaller in size grown in PLD [100]. Fig. 1.12 (a) shows FESEM image 

and (b-c) TEM images of WO3 nanoplates having monoclinic structure, side length 100–170 

nm thickness 30–50 nm grown in hydrothermal method [107]. In Fig 1.13 (a-d) shows 

FESEM images and cross sectional view of hydrothermally synthesized dopped and 

undopped TiO2 nanorod arrays which are very small in length (500nm) [105]. 
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Figure 1.11: SEM images of WOx nanorods on W substrate (a) Low magnification (b) High 

resolution. Reprinted with permission © 2014, The Royal Society of Chemistry [100]. 

 

 
 

Figure 1.12: WO3 nanoplates (a) low magnification SEM image, (b) TEM image and (c) 

HRTEM image (The inset in (c) is the FFT pattern) of the as-obtained m-WO3 nanoplates. 

Reprinted with permission © 2014, Elsevier B.V [108]. 

 

 

 

Figure 1.13: FESEM images of (a) non-doped TiO2 array, (b) Cross sectional view of non-

doped TiO2 array, (c) Doped TiO2 array and (d) Cross sectional view doped TiO2 array. 

Reprinted with permission © 2016, Elsevier Ltd. [105].  

 

In this thesis tuning of growth parameter in PLD and wet chemistry to tailor the shape, size, 

morphology, composition of nanostructures to standardize growth of vertically aligned 
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nanowires/nanorods staring from thin film, using seeding layer respectively and 

microstructural, interface physics and chemical analysis to understand growth mechanism has 

been provided in detail. Also role of substrate surface, crystal structure for growth of different 

nanostructure has been explained using spatially resolved tools and techniques. Information 

about growth of binary oxide nanostructures using different growth techniques and parameter 

tuning and controlling are still an open field of research, which has been explored in this 

thesis. No approach has been made earlier regarding growth method of nanowires starting 

from the bulk sample. Also the effect of such tuning on the physical property of the material 

requires greater investigation to explore physics behind the growth. This thesis emphasizes 

on this issues in detail. 

 

1.4 Interface physics analysis of binary oxide nanostructures 
 

In last 3 decades along with the study on material synthesis process using different 

techniques, microstructural analysis has grabbed a lot of attention for the understanding of 

growth mechanism, physical properties of nanostructure materials. Initially SEM and 

HRTEM provided morphological and structural information about materials. Still that 

investigation was incomplete when samples are grown as bottom up technique on a substrate. 

The substrate not only supports the material but also provides base to grow interesting 

nanostructure device for different applications. The mechanism and physics behind that 

growth was unknown till microstructural study was performed on a cross section of the whole 

material. This study provides information about the substrate and the growing material at the 

interface (e.g. modification or attachment in interface down to nanometer level). Y. 

Yoshimoto et.al report in 1995 about growth of CeO2 thin film on Si (111) substrate using 

Molecular Beam Epitaxy (MBE) technique [108]. The cross sectional TEM analysis was 

performed at the interface and it gave information about the exact crystallographic orientation 

of the CeO2 film on Si substrate (Fig. 1.14). It was also confirmed from the analysis that no 

amorphous layer was formed at the interface. Hence it was an epitaxial growth of CeO2 thin 

film. This study actually gave insight about the growth of thin film with atomically sharp 

interface. 
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Figure 1.14: Cross sectional lattice image at the interface observed form the [110] direction 

on CeO2 film grown on Si (111) at 20
o
C. Arrow indicates the interface. Reprinted with 

permission © 1995, Japan society of applied physics [108]. 

 

Earlier in another report by T. Inoue et.al showed that the growth method and condition plays 

and important role for the formation of amorphous oxide layer in case of CeO2 film on 

Si(111) [109]. This was confirmed using the cross sectional TEM analysis as shown in Fig. 

1.15. 

 

 

Figure: 1.15: Cross sectional HRTEM image of CeO2/Si(111) structure grown at (a) 200
o
C, 

(b) 800
o
C. Reprinted with permission © 1993, Japan society of applied physics[109]. 

 

J. An et.al showed X-TEM analysis to give an insight about the development of Solid Oxide 

Fuel Cell consisting of Yttrium Doped Ceria (YDC) and Yttrium Stabilized Zirconia (YSZ) 

[110]. The microstructural and chemical analysis in TEM depicts the homogeneity at the 

interface level along with absence of intermixing in those layers (Fig. 1.16). 
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Figure 1.16: TEM images with diffraction and EDS (a) Bright field TEM image of the cross-

section of the freestanding Membrane Electrode Assembly (MEA). The green-dotted lines 

represent the direction of the Pt sputtering, (b) Zoomed-in STEM image of the red-dotted 

area (slanted wall) in (a), (c) SAED pattern of the area shown in (b), (d) STEM-EDS 

elemental line profiles across the MEA. The image of the analyzed area is on top of the 

profile. Reprinted with permission © 2013,  ACS Publication  [110]. 

 

There are other reports where this cross sectional method was utilized to know the structure 

of the grown material and changes lead by electrical transport [111, 112]. 

As it has been possible to grow more complex nanostructure in last one decade for different 

applications, these make it very interesting to know the physics behind the same using this 

Cross Sectional TEM (X-TEM) technique. 

In this thesis Cross Sectional samples have been prepared with advanced tools and techniques 

from binary oxide nanostructures (e.g. WO3) like nanowires, thin films on a substrate and 

interface physics analysis has been carried out to understand possible growth mechanism, 

which was yet not explored in past times. 

 

1.5 Motivation of the thesis work 
 

 Size reduction of a material to nanometric size from bulk produces different 

nanostructures having 0-dimesion (0D) to 1, 2 or 3-dimension (1D, 2D or 3D). Different 

types of nanostructures have been synthesized and studied through theory and 

experimental investigations till date are nanoparticles (0D), nanowires, nanotubes and 

nanorods (1D) etc. Growth of binary oxides nanostructures (e.g. WO3, TiO2) in different 

shapes, sizes and morphology has grown in more importance in last 4-5 decades due to its 

potential for application in different fields. Still, growth method and controlled tuning of 

such parameters like size, shape, morphology, composition tailoring and synthesis of 

highly oriented crystalline binary oxide nanostructures with atomically sharp interface 

over a large surface area remains a challenge and is a very interesting field to work on. It 
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remains to a great extent an unexplored field. In this thesis emphasis has been given on 

this aspect.  

 One of the pertinent questions that have been investigated in this thesis is the effect of 

modification of growth techniques and parameters that can tailor size, shape, morphology, 

crystallinity, and homogeneity of binary oxide nanostructures. Added to it the question of 

how the tailoring of size, shape, morphology and crystallinity of binary oxide 

nanostructures can tune the physical properties found in bulk counterpart of binary 

oxides. In this thesis the main interest is to study the above issues and also to standardize 

different synthesis techniques to synthesize vertically aligned 1D binary oxide 

nanostructures, 1D porous binary oxide nanostructure and understand possible physics 

behind the growth dynamics.  

 Growth dynamics analysis demands study of interface physics, surface chemistry on a 

very good quality, highly crystalline nanostructured material with stoichiometric 

composition, crystallographic phase. The difficulties still remain related to the study on 

interface physics; surface chemistry at nanostructure and substrate interface as these 

involve spatially resolved analysis tools for cross sectional sample preparation and 

analysis on it.  

 Spatially resolved tools for developing cross sectional sample and analysis has provided 

the information that lies at the interface has been analyzed in this thesis. The tuning of 

growth parameters and methods has an impact on substrate nanostructures interface and 

surface chemistry which required special analysis to establish the physics behind it. 

Spatially resolved tools based on Dual Beam Scanning Electron Microscope for Cross 

Sectional lamella preparation and Transmission Electron Microscope with Energy 

Dispersive X-ray spectrometry/Gatan Imaging Filter for microstructural as well as 

chemical compositional analysis has been utilized at substrate and nanostructure 

interface. The motivation has been depicted in Fig 1.17 which shows growth of different 

nanostructures starting from the bulk binary oxide. 
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Figure 1.17: Schematic diagram of tuning of the structure from bulk to Nano dimension. 

 

 Many reports are available on different physical properties of binary oxides having 

different nanostructure, however no reports were found on the modification/tuning of 

growth parameters and technique to control size, shape, morphology and stoichiometry of 

binary oxide nanostructures which might effect, modify or enhance physical property of 

those materials. Tuning of nanostructure and effect of it on physical property (e.g. Opto-

electrical, gas transport) has been shown in this thesis. Study on these aspects will explore 

some interesting physics behind it. The study of opto-electrical response provides 

information about the modification of response with different surface morphologies. The 

gas transport property gave us a new direction to control greenhouse gas emission by gas 

diffusion using 1D porous nanostructure grown by this control growth technique, which 

opens up an advanced phenomenon (isotopic fractionation) and provides a platform to 

explore the science hidden in it. It is an interesting approach in the field of nano-device 

application as well as nanoscience, which has been explored to some extent in this thesis 

work too. 

 

1.6 Layout of the thesis 
 

This thesis is based on the following works: (1) Synthesis of binary oxide (WO3, TiO2) 

nanostructures (thin film, nanowires, nanorods, nanotubes) and their structural 

characterizations, (2) Study of interface physics of substrate and nanostructures, surface 

chemistry for understanding the growth mechanism using advance tools and techniques (3) 

Study on morphology dependent opto-electrical property of binary oxide thin film and 

nanostructures, (4) Analysis of transport of gases in porous 1D binary oxide nanostructures. 

This thesis has been divided into 5 main chapters along with summary listed as below: 
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1. In this present chapter, a brief overview of binary oxide structure, physical properties, 

synthesis route and the related study and review on it has been presented. This chapter 

also includes the necessary literature of the work in the field of binary oxide 

nanostructures synthesis and physical property and main motivation and objective of the 

present work. 

 

2. The 2
nd

 chapter gives a description of synthesis of binary oxide nanostructures by tuning 

different growth methods (PLD, Wet Chemistry), parameters and characterization along 

with brief details of the characterization tools/set-up. 

 

3. The 3
rd

 chapter provides detail about the study on growth mechanism by the 

understanding of interface physics of substrate and nanostructures interface using 

spatially resolved tools for the growth of 1D vertically aligned and partially aligned 

binary oxide nanostructures in Pulse Laser deposition (PLD), hydrothermal method and 

proposed possible mechanism to control the growth of binary oxide nanostructures and 

tailoring of size, shape, and morphology for the same. The surface chemistry analysis 

using Energy Filter Transmission Electron Microscopy/Electron Energy Loss 

Spectrometry (EFTEM/EELS) has been provided to check the material composition, 

homogeneity and also to understand the growth mechanism of binary oxide nanostructure 

in wet chemistry (hydrothermal) route. 

 

4. The 4
th

 chapter describes an important observation about the morphology dependent 

photoresponse/opto-electrical property measurement on binary oxide (WO3) thin film and 

nanostructures with different surface morphology. The opto-electical response modified 

completely due to tuning of surface morphology of the binary oxide from film to 

nanostructured film. The wavelength dependency of the photoresponse has also been 

pointed out. Hence, this chapter will provides information about effect of morphology 

tuning upon physical property, which has not been reported so far. 

 

5. The 5
th

 chapter describes about the gas diffusion/transport property in one dimensional 

(1D) porous binary nanostructure (WO3). The transport/diffusion showed isotope 

selectivity which was a very interesting and new approach to open up new dimension in 

the field of diffusion of gases in porous binary oxide nanostructures. The interesting 
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physics behind this isotope’s selective diffusion property has also been pointed out in 

greater detail considering the large surface aspect ratio (length: diameter) of the porous 

nanostructure. This kind of new work along with the analysis has not been reported so far. 

 

6. In the last chapter the summary and concluding remarks of this thesis work has been 

provided along with main achievements of the thesis work and future challenges. 

 

Finally this thesis ends up with appendix providing a very brief approach to electric double 

layer gate device opto-electrical response of WO3 thin film grown in PLD and the limitation 

in that measurement due to electrochromic effect of WO3. 
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Chapter 2 

 

 

Synthesis and characterization of binary oxide thin films 

and nanostructures 

 

In this chapter, a detailed description on the procedures for synthesis of binary oxide (e.g. 

WO3, TiO2) thin film and nanostructures (nanorods (NRs), nanowires (NWs) and nanotubes) 

along with their characterization has been provided. Binary oxide thin film and 

nanostructures were synthesized using Pulsed Laser Deposition (PLD) and Wet chemistry 

synthesis (hydrothermal) techniques. The PLD targets of binary oxides were prepared by 

conventional solid state synthesis method. The as prepared nanostructured samples of binary 

oxides were characterized using X-ray Diffraction (XRD), Scanning Electron Microscope 

(SEM), Transmission Electron Microscope (TEM) for structural and morphological analysis. 

Energy Filter TEM (EFTEM), Electron Energy Loss Spectrometry (EELS)/Energy dispersive 

X-ray Spectrometry (EDS) were used for chemical compositional characterization. The 

details of the techniques and characterization tools along with characterization results have 

also been provided in this chapter.  
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2.1 Introduction 
 

Binary oxides are among the important materials in the field of physics, chemistry and 

material science for their various applications [1-6]. One can synthesize and fabricate large 

diversified binary oxide nanostructures, thin films, devices using different synthesis 

techniques. Binary oxide nanostructures are studied for their optical, electrical, gasochromic 

properties [4, 7-8] and energy harvesting applications (like solar cell) [9]. The way to achieve 

the application efficiency of these materials is to synthesize highly crystalline, atomically 

sharp interface nanostructures. The quality of nanomaterial not only depends on its 

crystallinity and crystal structure but also upon the chemical composition, size, shape, phase 

purity and fabrication of the device. Till date many techniques have been used for binary 

oxide nanostructure synthesis like template-assisted [10-11], chemical [12], seed [13], 

hydrothermal [14] growth, Pulsed Laser Deposition (PLD) [15] and anodic oxidation method 

[16]. Among all these synthesis methods, the wet chemistry (hydrothermal) method and PLD 

have shown outstanding performance in obtaining highly ordered nanostructured materials 

with controllable dimensions and stoichiometry. In this thesis PLD method and hydrothermal 

method were used as a tool for the synthesis of binary oxides (WO3, TiO2) thin film and 

vertically aligned nanowires/nanorods and nanostructures. 

This thesis mainly focused on the synthesis, modification of synthesis and study of physical 

properties of low dimensional nanostructures of the binary oxide materials like TiO2, WO3, 

etc. Among the unique properties of these materials, the movement of electrons and holes in 

these semiconductors are primarily governed by the well-known quantum confinement, and 

the transport properties related to phonons and photons that are largely affected by the size 

and geometry of the materials [17-20]. Thus in this thesis a way to synthesize, a large surface 

area for these materials, was performed in such a way that it is beneficial in facilitating 

interaction between the devices and the interacting media, which strongly depends on the 

surface area of the material. A number of studies have demonstrated that the performance of 

oxide nanostructures can be improved by alternating the structural and dimensional 

parameters of the binary oxide [21-22]. This thesis also provides interesting information 

about how to modify size, shape, crystal structure and surface morphology of binary oxide 

and how it affects the physical properties of the materials under study. 
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2.2 Synthesis of binary oxide thin film and nanostructures 
 

Synthesis of binary Oxide (WO3, TiO2) thin film and nanostructures was done using Pulsed 

Laser Deposition technique (PLD) and hydrothermal method. The effect of tuning of growth 

parameters and crystallographic structures of substrate on the size, shape, crystal structure 

and morphology tailoring of binary oxide has been investigated. 

 

 Solid state synthesis: making of target for Pulse Laser Deposition 2.2.1

(PLD)  

 

One of the oldest and conventional methods used to prepare the bulk polycrystalline target 

(pellet) material of oxide samples for PLD is solid state synthesis [23]. In this synthesis 

method the solid chemicals are well mixed, pressed to form pellet and kept at high 

temperature for solid state reaction to take place.  

To prepare the tungsten oxide target the starting material was Tungsten oxide (WO3) powder 

(> 99% pure, Sigma Aldrich). The powder was mixed and crushed in Agate mortar and pestle 

using an organic solvent (e.g acetone, alcohol) followed by annealing at 300
O
C for 6hrs. 

Afterwards the powder was pressed at high pressure (50 Pascal) to form pellet followed by 

sintering at 1100
O
C for 10hrs. 

 

  Pulsed Laser Deposition (PLD) 2.2.2

 

Pulsed Laser Deposition (PLD) is an established technique for thin film deposition [24]. High 

quality thin films can be grown with required size considering application using Radio 

Frequency (RF)-magnetron Sputtering [25], Plasma process [26], Chemical Vapor Deposition 

(CVD) [27], Sol-gel method [28], Electro-chemical process [29], Molecular Beam Epitaxy 

(MBE) [30] etc. Thin films of WO3 on different substrates (e.g. Silicon Oxide (SiO2/Si (SO)), 

SrTiO3 (STO) etc.) using PLD technique has been prepared in this thesis. In PLD high 

intensity pulsed laser beam has been ablated (interact) on the material surface of the rotating 

target to evaporate and ionize it. In this process a high intensity plasma plume is produced 

over a small area near the target but away from the target surface. This plasma plume got 

condensed as it reached the substrate placed at 180
0
 to the target and produced thin films. The 

depositions were carried out in presence of background gas such as Oxygen, Argon or in 
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ultrahigh vacuum, depending upon the requirement [24]. Fig. 2.1 shows the schematic 

diagram of PLD instrument. Sample crystallinity, surface morphology and composition of the 

deposited film depend on the rate of deposition of the target material.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Schematic diagram of a PLD instrument set up. Source Ref. [31]. 

 

In PLD the deposition process depends on few important parameters. Those are: 

 

 Substrate temperature (TS):  (a)

 

Substrate temperature during and after the deposition of the film plays an important role in 

thin film growth as it is related to the nucleation density of the material. High temperature 

increases the nucleation density whereas low temperature decreases it, however after 

deposition; temperature controls the film stoichiometry and homogeneity. 

 

 Background pressure: (b)

 

After obtaining the high vacuum and before deposition a background pressure is created 

using Argon for inert atmosphere or Oxygen to maintain oxygen stoichiometry for oxide 

samples. 
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 Target-substrate distance:  (c)

 

Substrate to target distance is usually kept at 5-6cm for growing standard thin film; however 

one can adjust it to grow desirable nanostructured thin film or nanorods arrays. 

 

 Substrate type:  (d)

 

Lattice mismatch between target material and substrate plays an important role on the surface 

morphology and nucleation of the target material.  

 

 Laser energy: (e)

 

Depending upon the laser energy or Laser fluence (Joule/Cm
2
), laser pulse time, duration of 

laser deposition, the quality, thickness and stoichiometry of the thin films varies. The growth 

of thin film in PLD occurs in three steps; 

 

1. Interaction between the laser pulses and the target material leads to formation of 

molten target material, which gets vaporized and gives a highly forward directed 

plasma plume. 

2. Interaction of forward directed plasma plume with the ambient gas (both physically 

and chemically). 

3. Condensation of the plume onto a substrate where the thin film is nucleated and 

growth occurs. 

 

Although PLD is well known for thin film deposition, in this thesis it has been utilized and 

standardized for non-trivial synthesis of nanostructures of desired shape and size, like 

nanowire/nanotube etc. along with thin film deposition. 
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 WO3  thin film synthesis in PLD 2.2.2.1

 

In this thesis work WO3 thin films were grown on Silicon Oxide/Silicon (SiO2/Si (SO)) and 

SrTiO3 (STO) substrates using our lab PLD set up of 248nm wavelength KrF excimer laser 

(Fig. 2.2).  

  

 

Figure 2.2:  PLD setup in our lab. Source ref. [32]. 

 

The laser parameters (Viz. Laser Fluence, repetition rate, deposition time) were tuned 

keeping background oxygen pressure at 30 Pascal’s and substrate temperature at 500- 600
O
C. 

The growth parameters for those films deposition are provided in Table 2.1[33]: 

 

Table 2.1: PLD parameters for WO3 thin films deposition 

Substrates SO, STO 

Laser Fluence 2-4J/cm
2
 

Oxygen Partial Pressure 30pascals 

Laser Frequency 1-3Hz 

Deposition Time 30min 

 

The Field Emission Scanning Electron Microscope (FESEM) image of nanocrystalline thin 

film and needle like structure film are shown in Fig. 2.3. The grain size for thin film on SO is 

very small (10-20nm) whereas, in case of STO film becomes needle like structure [33].  
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Figure 2.3: FESEM images of WO3 (a) nanocrystalline film on Si/SiO2 substrate, (b) needle 

like structured film on SrTiO3. 

 

X-ray Diffraction (XRD) analysis shows monoclinic structure of the film grown on SO (a= 

5.4Å) (Fig. 2.4(a)), monoclinic structure with orientation along (100) plane for needle like 

structure grown on STO (a= 3.905A°) (Fig. 2.4(b)), and possible due to very close lattice 

matching with WO3 (a = 3.81A°) [33]. 

 

Figure 2.4: X-ray Diffraction pattern of (a) nanocrystalline film on SO (b) needle like 

structured film on STO. 

 

Thus controlling of PLD parameter and choice of substrate to tune the surface morphology as 

well as crystal structure has been standardized in this thesis work. Further analysis on effect 

of surface morphology modification upon physical property of binary oxide nanostructure has 

been explored and will be discussed along with probable explanation in chapter 4. 
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 WO3 nanowires synthesis in PLD 2.2.2.2

 

Nanowires (NWs) of binary oxide were grown by different methods starting from chemical 

route, hydrothermal, solvothermal route etc. till date [34-36]. PLD is well known for thin film 

deposition; but growth of vertically aligned nanowires by PLD is a non-trivial method. This 

type of growth has been standardized and discussed in details in this thesis chapter and the 

growth mechanism discussed in chapter 3. There are reports, on the growth of binary oxide 

(ZnO, WO3) nanowires in last 2 decades [37-38], but no detailed analysis about interface 

physics study using spatially resolve tools and techniques to understand the possible growth 

mechanism has been performed, till date except ours. 

In this thesis work the growth technique was optimized exploiting PLD method, to grow 

vertically aligned nanowires (NWs), which is a well-known technique for thin film growth 

only. The growth parameters in PLD are optimized to grow vertically aligned nanowires of 

binary oxide (e.g. WO3) on platinized silicon (Pt/SiO2/Si (Pt/Si)) substrate. The general PLD 

parameters are given below in Table 2.2 for nanowires growth [39]. 

 

Table 2.2: PLD parameters for growth of WO3 nanowires on Pt/SiO2/Si (Pt/Si) 

Laser Energy 110-200mJ 

Laser Fluence 2-4J/cm
2
 

Oxygen Partial Pressure 30-150pascals 

Substrate Temperature 600-700
O
C 

Deposition Time 20-30min 

 

FESEM images shows that with the change of PLD laser energy (110-200mJ) surface 

morphology of nanostructure grown on Pt/Si changes from thin film (110mJ) (Fig. 2.5(a)) to 

partially/non-aligned nanowires (Fig. 2.5(b)) and finally vertically aligned nanowires 

(200mJ) (Fig. 2.5(c)) [39]. XRD pattern of thin film (Fig. 2.6(a)), partially/non-aligned 

nanowires (Fig. 2.6(b)) and vertically aligned nanowires (Fig. 2.6(c)) has been shown, which 

depicts change in crystal structure from monoclinic (thin film) to orthorhombic 

(partially/non-aligned nanowires) and finally oriented orthorhombic (vertically aligned 

nanowires) along (002) plane [39] 
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Figure 2.5: FESEM images show the changes in the morphology of WO3 with the increase in 

the laser energy (a) nanocrystalline thin film, (b) partially/non-aligned nanowires, and (c) 

vertically aligned nanowires. 

 

 

Figure 2.6: XRD pattern of WO3 grown Pt/Si substrate (a) thin films, (b) partially/non-

aligned nanowires and (c) vertically aligned nanowires. 

 

The degree of orientation (fhkl) has been calculated from equation (2.1) [40]. Here Ihkl is 

relative intensity of the (002) plane. 

 

 

In case of nanocrystalline thin film (110mJ) the crystal structure is monoclinic with only 43% 

orientation along (002) plane (Fig. 2.6(a)), whereas for partially/non-aligned NWs (160mJ) 

crystal structure changes to orthorhombic with 64% orientation along (002) plane (Fig. 

2.6(b)). Finally for vertically aligned NWs (200mJ) although the crystal structure remains 

orthorhombic but NWs become highly oriented (83%) along (002), which is clear from the 

increased intensity of the XRD peak (Fig. 2.6(c)). 

There are reports [41-42] on modification of crystal structure with variation of growth/or post 

annealing temperature, but in this thesis, laser fluence/energy has been considered as an 

important parameter for growth of vertically aligned nanowires instead of growth 

temperature. Thus from the above observation one can say, that laser energy can also effect 

𝒇𝒉𝒌𝒍(%) = 
𝑰𝒉𝒌𝒍

∑ 𝑰𝒉𝒌𝒍
 × 𝟏𝟎𝟎 … … … … . . (𝟐. 𝟏) 
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the crystal phase and degree of orientation of WO3 nanostructure. Once the growth technique 

was standardized for vertically aligned nanowires, analysis for the understanding of 

underlying physics behind this type of growth mechanism has been done using cross 

sectional Transmission Electron Microscopy (X-TEM) study. X-TEM study of interface 

physics and microstructure will be discussed in Chapter 3 section 3.2. 

 

 Wet chemistry (hydrothermal) synthesis of binary oxide 2.2.3

nanostructures: 

 

Hydrothermal method is a one-step synthesis process to grow mainly nano-materials of 

different chemical compounds in aqueous solutions at pressure higher than 1atm kept in 

sealed thick walled stainless steel cylinders, called autoclave, which can withstand high 

temperature and pressures for prolonged period of time. The synthesis of binary oxide 

nanostructures are performed in the autoclave consisting of a steel vessel with Teflon beaker 

kept inside it (Fig. 2.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Autoclave with Teflon beaker  

 

The reaction time, temperature, pressure, and pH level of the solution can be controlled as 

desired. The Autoclave can withstand highly corrosive solvents at high temperature and 

pressure for a longer reaction. In this thesis work (i) Titanium Oxide (TiO2) nanorods on 
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fluorine doped tin oxide coated glass substrate (FTO) and Pt/Si (ii) Tungsten oxide (WO3) 

nanotubes assembly were grown using hydrothermal synthesis route. 

 

 Hydrothermal synthesis of TiO2 nanowires 2.2.3.1

 

TiO2 nanorods (TiO2 NRs) on Fluorine Doped Tin Oxide coated glass (FTO) and 

Pt(111)/SiO2/Si (Pt(111)/Si) substrate by hydrothermal method using autoclave have been 

synthesized in this thesis. Initially a solution of DI water, Hydrochloric acid (35-40 Vol. %) 

and Titanium 4-butaoxide in a ratio 1:1:0.03 has been taken and stirred to get a clear 

homogeneous solution. Then the solution was transferred to a Teflon linear autoclave and the 

substrates (FTO, Pt/Si) separately was placed at 45
o 

degree angle inside it and sealed. The 

autoclave was kept at 150
o
C for 20hrs and after cooling it the synthesized nanorods (NRs) 

were cleaned in Deionized (DI) water [43]. Also to provide better nucleation site for the 

growth of TiO2 NRs, a very thin TiO2 seed layers was grown on both substrates (FTO, Pt/ Si) 

using PLD (parameters provided in table 2.3) before the hydrothermal synthesis. The grown 

NRs were characterized using FESEM and XRD which shows NRs were grown in FTO 

whereas nanoflowers like structure grown on Pt/Si. 

 

Table 2.3: PLD parameters for seeding layer of TiO2 growth on FTO and Pt(111)/Si 

Laser Fluence 2-3J/cm
2
 

Oxygen Partial Pressure 30 pascals 

Substrate Temperature 200-300
O
C 

Deposition Time 10-15min 

Laser frequency (repetition rate) 2-3Hz 

 

FESEM image in Fig. 2.8(a) shows that dense, vertically aligned NRs grown on 

TiO2seeded/FTO. The cross sectional view (vertical view of the substrate with NRs) in 

FESEM shows that the TiO2 NRs are vertically aligned on TiO2 seeded/FTO substrates are 

tetragonal in shape with a square top surface and the average dia~100-200nm and length ~6-

8m (Fig. 2.8 (b)) [43]. The adhesion with the FTO substrate was possible due to the seeding 

layer and the small lattice mismatching of rutile TiO2 (a = b = 4.593 Å) [44] and the 

tetragonal FTO (a = b = 4.687 Å) [45], which provide epitaxial nucleation and pure rutile 

TiO2 growth. 
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Figure 2.8: TiO2 nanorod array grown on TiO2seeded/FTO substrate (a) FESEM image top 

view, (b) Cross sectional view (inset: enlarge view of the nanorod/substrate interface); TiO2 

nanorods grown on TiO2seeded/Pt(111)/Si substrate (c) FESEM images Top view and (d) 

High magnification FESEM image of the nanorods . 

 

In Fig. 2.8(c) and (d) shows FESEM images of TiO2 NRs on Pt/Si with an average diameter 

of ~3 μm having numerous flowerlike aggregates composed of broad and thin single 

nanoribbons with different orientations. Although seeding layer of TiO2 was present on Pt/Si 

but no strong adhesion was observed in grown NRs due to strong lattice mismatch and 

structural change of substrate (Pt, Cubic, a = 3.9 Å) [43]. XRD pattern in Fig. 2.9(a) for NRs 

on TiO2 seeded/FTO confirms pure rutile phase and tetragonal structure (a = b = 4.593 Å, c = 

2.961 Å, ICSD Ref: 01-070-7347 21-1276) [44]. The degree of orientation as derived from 

equation (2.1) shows NRs are partially (40%) oriented along (002) plane. XRD pattern in Fig. 

2.9(b) of the NRs on TiO2seeded/Pt(111)/Si substrate shows polycrystalline nature along with 

a mixture of anatase (A) (33%) and rutile (R) (67%) phases (ICSD Ref: 01-070-7347 21-

1276, 01-070-6826 21-1272) [43]. 
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Figure 2.9: XRD pattern of TiO2 nanorods on (a) TiO2seeded/FTO (b) 

TiO2seeded/Pt(111)/Si. 

 

The percentage of phase content was calculated using equation (2.2), where P stands for 

phase and Pr and Pa are rutile and anatase phase respectively [40].  

𝑷 =
𝑰𝒉𝒌𝒍

∑ 𝑰𝒉𝒌𝒍(𝑷𝒓 +  𝑷𝒂)
 × 𝟏𝟎𝟎% … … … … … … . . (𝟐. 𝟐) 

The growth of NRs was accelerated due to presence of seeding layer but, the huge lattice 

mismatch and structural change (Pt, Cubic, a = 3.9 Å) of substrate (Pt(111)/Si) results in 

growth of mixed phase (anatase, rutile) of TiO2. 

Further microstructural analysis has been performed in TEM. The surface chemistry analysis 

to understand the possible growth dynamics and propose a probable growth mechanism 

behind these different growths of NRs on two conducting substrates has been performed 

using spatially resolved chemical analysis technique. The TEM and surface chemistry 

analysis will be explained in chapter 3 section 3.3. 

 

 Hydrothermal synthesis of WO3 nanotubes 2.2.3.2

 

WO3 nanotubes assembly has been synthesized using hydrothermal method. Sodium 

tungstate (Na2WO4, 2H2O) powder (0.99 g) and 1.2 gm of Sodium bisulfate (NaHSO4, H2O) 

powder were dissolved in a 40 ml of deionized water by stirring the mixture vigorously for 1 

hour in room temperature till the solution become clear. The obtained solution then 

transferred into teflon-lined autoclave and heated to 180
o
 C for 36 hours followed by natural 

cooling to room temperature. The as prepared product was filtered and washed sequentially 
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by DI water and ethanol, then dried overnight in air. In Fig. 2.10(a) FESEM image shows 

WO3 nanotubes are grown as assemble and Fig. 2.10(b) shows FESEM image of single WO3 

nanotube having a diameter ~100-200nm and length~ 2-3mm. XRD pattern in Fig. 2.10(c) 

shows hexagonal crystal structure of the grown nanotubes. Further microstructural analysis 

and investigation on gas transport property was carried out with these nanotubes, which will 

be discussed in chapter 5. 

 

Figure 2.10: FESEM images (a) WO3 nanotubes assembly, (b) Single WO3 nanotubes, and 

(c) XRD pattern of WO3 nanotubes. 

 

2.3 Characterization tools and techniques 
 

The synthesized samples are characterized using X-ray Diffraction (XRD), Scanning Electron 

Microscope (SEM), and Transmission Electron Microscope (TEM) for structural and 

morphological characterization. The Film and substrate interface was characterized in TEM 

using Cross Sectional lamella preparation technique (will be discussed in Chapter 3). In this 

section different characterization tools and techniques along with the basic principle of the 

techniques will be discussed. 

 

 Structural and surface morphology characterization tools and 2.3.1

techniques 

 

The crystal structures of the synthesized samples were studied using XRD technique. Surface 

morphology and atomic structure imaging was done using SEM and TEM respectively.  
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 X-ray Diffraction (XRD) technique  2.3.1.1

 

X-ray Diffraction is a commonly used technique to understand the crystallographic structure 

and phase of a material. The X-rays are generated using the cathode ray generation technique 

and it is filtered and collimated to focus on the sample. The interaction between the sample 

and the X-ray beam produces constructive interference satisfying the well-known Bragg’s 

Law, Eq. 2.3 (Fig 2.11(a)) [46]. 

2dsin=n 

Where = angle of incidence of the X-ray beam, d = Distance between two layer of atoms, 

= Wave length of the X-ray, n =integer, the equation can be well explained with using 

schematic diagram in Fig. 2.11(a).  

 

 

Figure 2.11: (a) Bragg’s Law schematic diagram. Source ref. [46], (b) XRD data of WO3 

pellet sintered @1100
O
C. 

 

To know the crystallographic orientation and phase formed of synthesized samples, 

experimental data are compared with standard JCPDS (Joint Committee on Powder 

Diffraction Standard) or ICSD (Inorganic Crystal structure database), which provides the 

crystallographic plane indices (h, k, l) [48]. 

In this thesis work Panalytical X’PertPro XRD instrument having CuK1 source with 

wavelength 1.5405 Å at an accelerating voltage of 45 kV and 40 mA current has been used 

for analysis. This system follows the Bragg-Brentano geometry (-2) i.e. the sample holding 

stage is fixed while the X –ray tube rotates at -θ
o
/min and the detector rotates at a +θ

o
/min. 

The X−rays have sufficient energy to penetrate the solid sample and provide information 
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about their crystallographic structures. The detector used in this system is PIXEL detector, 

which has quite a low signal to noise ratio [49]. In Fig 2.11(b) we have shown the XRD 

pattern of WO3 pellet (PLD target). 

 

 Scanning Electron Microscope (SEM) 2.3.1.2

 

One of the finest advancement in the field of microscopy is the invention of Scanning 

Electron Microscope (SEM), which not only provides magnified, high resolution image of a 

sample but also gives information about the surface topology, shape, size, size distribution 

and nature of the sample down to sub micrometer level [50]. 

The basic working principal of SEM involves the generation of electron beam either 

thermionically or by field effect emission from the electron source and it is focused with the 

help of electrostatic and magnetic lenses inside an ultrahigh vacuum path (Fig. 2.12(a)). The 

generated electron beam is then moved over the sample following raster scanning technique. 

The interaction between the sample and the electron beam produces different signals (Fig. 

2.12(b)) among which Secondary Electron (SE), Backscattered Electron (BSE) are collected 

by the corresponding detector placed inside the microscope sample chamber and produce 

images. The detector in SEM for the detection of secondary electrons is the Everhart-

Thornley Detector (ETD) [50]. It consists of a Faraday cage which helps to accelerate the 

electrons towards a scintillator. The scintillator produces current due to falling electrons upon 

it and the current is amplified using photomultiplier for the read out. To avoid charging effect 

and possible sample damage during analysis of non-conducting samples, a thin gold coating 

is applied on the surface of the samples. X-rays generated during the electron beam and 

specimen interaction are also used for elemental composition analysis using the method 

Energy Dispersive X-ray (EDX) spectrometry and the most commonly used detector for it is 

EDAX. In this thesis work FEI Quanta 200 SEM and Quanta 250FEG, Field emission SEM 

(FESEM) has been used for sample analysis. Fig. 2.12(c) is the WO3 pellet SEM image 

showing the grain size of the Pellet around 10-15m. 
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Figure 2.12: (a) Schematic ray diagram of SEM instrument, (b) Schematic diagram of 

specimen and electron beam interaction inside SEM, and (c) SEM image of WO3 pellet. 

 

 Dual Beam Focused Ion Beam – FESEM (FIB-FESEM) 2.3.1.3

 

Dual Beam FIB- FESEM consists of Focused Ion Beam (FIB) as well as electron beam (e-

beam) and both are capable of producing images of the samples like a SEM [51]. Apart from 

imaging, Dual Beam system mainly utilized for lithography for nano device fabrication and 

sample preparation (Cross Sectional lamella) for High Resolution TEM analysis with the help 

of other additional accessories. The essential component is same as standard FESEM. The 

FIB part consists of Liquid Metal Ion Source (LMIS) and electrostatic lenses. Other 

important accessories are Gas Injection System (GIS), Omniprobe needle [51]. Fig. 2.13(a) 

shows Helios 600 Dual beam instrument of our lab setup at our clean room and Fig. 2.13(b) 

shows the inside view of the sample chamber of that FIB-FESEM. While preparing the cross 

sectional lamella of WO3/Pt/SiO2/Si (WO3/Pt/Si) thin film, vertically aligned and 

Partially/non-aligned nanowires arrays, FIB FESEM has been utilized and parameters were 

standardization to avoid possible damage and implantation of Gallium (Ga) ions on the 

lamellas. Cross Sectional lamella preparation using FIB-FESEM will be discussed in Chapter 

3 section 3.2.1. A brief description of LMIS, GIS has been provided below. 
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Figure 2.13: (a) Helios 600 Dual beam FIB-FESEM System (lab set up) (b) Image of all the 

probes inside the FIB-FESEM sample chamber. 

 

I. Liquid Metal Ion Source (LMIS) 

 

Typically a LMIS consists of the liquid metal ion (Gallium) which upon heating (50-60ºC) 

comes out through the needle tip of the source as gallium ions which interacts with the 

nanowires (samples) [51]. Ion source is mainly used for etching, patterning, deposition and 

imaging in FIB. 

All the uses of the ion source were possible with the help of electrostatic lenses which 

controls the beam shape, focusing and formation of the beam. 

The cutting/etching/milling of the WO3/Pt/Si sample from different angle, direction, and 

deposition of protective layer (mainly Pt in our case) during the lamella preparation was done 

using this Gallium LMIS FIB (will be discussed in Chapter 3 section 3.2). 

 

II. Gas Injection Source (GIS) 

 

It is a non-volatile compound filled source which upon heating vaporizes the compound 

containing particular materials, which need to be deposited or used for etching like Platinum 

(Pt), Tungsten (W), Insulator (SiOx) for deposition on different samples in nano regime [51]. 

It is one of the crucial accessories during cross sectional lamella preparation as it has been 

used for depositing a protective layer, welding purpose or sometimes for etching out the 

sample layer. 
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III. Omniprobe needle (Omniprobe) 

A Typical Omniprobe needle is made of stainless steel material and the tip has to be 

sharpened using FIB as per the requirement during lamella lift off.  It is specially used along 

with the GIS to lift off the lamella from the bulk WO3/Pt/Si and attaching it to the TEM-grid 

during cross sectional lamella preparation.  

 

 Transmission Electron Microscope (TEM) 2.3.1.4

 

The Transmission Electron Microscope (TEM) is the 1
st
 generation development in electron 

microscopy. The schematic diagram of a standard TEM (ray optics) and image of (lab setup) 

shown in Fig. 2.14(a, b) respectively. The source for TEM is also same as SEM (described in 

section 2.3.1.2). The voltage applied for the generation of the electron beam is 200kV or 

300kV. The beam generated has been focused using a set of electromagnetic condenser lenses 

(C1, C2) and corresponding apertures. The image was formed with the help of objective 

lenses and aperture, finally the image is projected on to the Charge couple device camera 

(CCD)/Fluorescent screen using projector and intermediate lenses [52]. 

The sample used for TEM analysis must be thin (< 200nm) enough to pass the electron for 

the formation of image as the name suggests. Fig. 2.14(c) shows schematic diagram of the 

specimen-beam interaction in TEM, where the beam suffers three type of collision as it 

passes through the sample, a) Elastic collision, b) Inelastic collision, c) Transmitted beam and 

all this interaction follows the Bragg’s law. The beam suffers elastic collision and the un-

scattered beam (transmitted beam) is the source for the 2D image formation in TEM.  

The image formed with both beams (elastic, inelastic) is called the Bright Field image (BF) 

and image formed only using the inelastically scattered beam (diffracted beam) is called the 

Dark Field image (DF). The dark field imaging can only be used for crystalline samples as it 

gives information about crystal structure and defects.  

During the beam specimen’s interaction in accordance to Bragg’s law the beam suffers 

diffraction after passing through the sample and this diffracted beam forms a pattern on the 

back focal plane just beneath the objective lens, which can give information about the atoms 

and crystal plane called electron diffraction Pattern (ED). The image formed using this 

pattern/beam at very high magnification is called High Resolution TEM image (HRTEM 

image). 
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Figure 2.14: (a) Schematic ray diagram of TEM instrument, (b) TEM setup in our lab (c) 

schematic diagram of specimen beam interaction in TEM. 

 

The ED pattern when taken selecting a specific area of the sample using diffraction aperture 

is called Selective Area Electron Diffraction (SAED), which gives information about the 

crystal plane orientation (h, k, l) of a sample. Also HRTEM image gives information about 

the inter-planer/interatomic spacing (d), which corresponds to specific (h, k, l) 

In conventional TEM imaging, images were obtained using static electron beam passing 

through the sample and collected below the sample onto a charge couple device (CCD) 

camera. In the Scanning TEM (STEM) mode, using a set of deflecting coils just above the 

objective lens the beam was moved/scanned through the sample and the transmitted 

diffracted beam was collected using a special Annular Dark Field Detector (ADF). Fig. 2.15 

shows the schematic ray diagram of STEM mode. The image obtained in this detector is a 

dark field STEM image. In this mode highly diffracted transmitted beam also gets collected 

using High Angle Annular Dark Field Detector (HAADF) and HAADF-STEM image 

obtained [52]. In our lab TEM, we have STEM with HAADF detector. The STEM mode was 

deployed for understanding interface physics of vertically aligned WO3 nanowires grown in 

non-trivial PLD technique will be discussed in Chapter 3 section 3.2.2. 
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Figure 2.15: Schematic ray diagram of STEM mode in TEM. Source ref. [52]. 

 

The TEM images taken of our samples are prepared with two different methods (a) TEM 

sample preparation on Cu-grid (b) Cross Sectional TEM (X-TEM) sample preparation.  

 

(a) TEM sample preparation on Cu-grid  

 

In this method the sample (powder samples) are dispersed in Methanol, ethanol, toluene, 

benzene, water etc. and 100-200l of the dispersed solution is drop casted on top of a carbon 

coated Cu-grid, and dried overnight. The Cu-grid is a Cu made mesh within 3.05mm 

diameter with typically 200-400 mesh in it with a thin layer of carbon (10-20nm thickness). 

 

(b) Cross sectional TEM sample preparation (X-TEM sample) 

 

In this method bulk sample materials, thin films on substrates which are not prepared in 

powder form are cut into 3mm disk and the center portion of the sample are made thin using 

ion beam milling technique. Dual beam technique will be utilized to cut the samples in slices 
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vertically top to down direction using Helios 600 dual beam (will be discussed in chapter 3 

section 3.2.1).  

In this thesis TEM images were taken using 200 kV Tecnai G
2
 TF-20 ST instrument. Fig. 

2.16(a) shows TEM bright field image of a nanorod of TiO2 (diameter ~ 100 nm) grown in 

hydrothermal method on FTO (discussed in section 2.2.3.1). Fig. 2.16(b) shows the SAED 

pattern and Fig. 2.16(c) shows the HRTEM image and the lattice spacing measured from both 

the images found to be 3.2Å which well matched with TiO2
 
tetragonal crystal structure. 

 

Figure 2.16: TiO2 nanorod (a) TEM Bright Field image, (b) SAED pattern, (c) HRTEM 

image showing lattice planes. 

 

 Elemental compositional analysis techniques 2.3.2

 

To study the compositional homogeneity, stoichiometry, quantification of the element of the 

grown thin films and nanostructures we have used several spatially resolved tools and 

techniques like Energy dispersive X-ray (EDX) spectrometry, Energy TEM (EFTEM), 

Electron Energy Loss Spectrometry (EELS). With the help of these advanced chemical 

analysis tools the elemental composition of our samples down to nanometer level was 

analyzed. 

 

  Energy Dispersive X-ray (EDX) spectrometry 2.3.2.1

 

Energy-dispersive X-ray (EDX) spectrometry analysis is done with the sample inside a SEM 

or TEM [52].  

In this technique characteristic X–rays are generated during specimen and high energy 

electron beam (30keV, 200keV etc.) interaction (Fig. 2.14(c)) due to excitation of an inner 
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shell electron of the sample to a vacant higher energy. The emitted X-rays are denoted by the 

transition to shell viz. K, L and M lines.  

In EDX analysis, localized information about the elemental composition of the sample can be 

obtained and it is possible to map the elements on that small region to form an image having 

particular compositional element (EDX-mapping) (will be discussed in detail in chapter 3). 

Here EDAX make EDX detector attached to FESEM and TEM/STEM have been utilized for 

compositional analysis. In Fig. 2.17 shows the EDX data of TiO2 nanorods grown in 

hydrothermal route. The spectrum confirms absence of impurity in the nanorods. 

 

Figure 2.17: TEM-EDX spectrum of TiO2 nanorods grown by hydrothermal synthesis 

method. 

 

 Gatan Imaging Filter (GIF) 2.3.2.2

 

Gatan Imaging Filter (GIF) is specially designed detector capable of splitting (using magnetic 

prism) the transmitted (through thin (thickness ≤ 100 nm) specimen) electron beam as per the 

energy in a TEM (100-300keV energy) and producing spectrum as well as image from a 

sample. The spectrum produced by GIF using the inelastically scattered electron is called 

Electron Energy Loss spectrometry (EELS) and the image formed using the same is called 

Energy Filtered TEM (EFTEM) Image [52-54]. In Fig. 2.18 schematic diagram of GIF 

operation and modes are shown [54]. GIF in general works in two mode (a) Spectroscopy or 

EELS mode and (b) Imaging or EFTEM mode. In EFTEM mode information about the 
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stoichiometry of the nanorod elements was observed and in EELS mode the oxygen 

deficiency and the effect of it on samples was also analyzed. 

 

 

 

Figure 2.18: Schematic diagram of a GIF detector. Source Ref. [54]. 

 

A. Electron Energy Loss Spectroscopy (EELS): 

 

Electron energy loss spectroscopy (EELS) is one of the advanced techniques used for 

chemical analysis of TEM samples, which also provide information about valance state of the 

elements present in the compound [52, 54-55]. In EELS, the energy distribution of 

inelastically scattered electrons was measured.  

A typical EEL spectrum consists of three parts: (i) Zero-loss peak at 0 eV, (ii) Low-loss 

region (Plasmon Peaks) (< 100eV), (iii) High-Loss region or core loss region (>100eV). 

In Fig. 2.19 (a, b) all three regions of EEL spectrum taken on a single nanorod of TiO2, 

grown by hydrothermal method (discussed in section 2.2.3.1), has been shown. In high loss 

region a specific minimum energy must be transferred from the incident electron to the 

expelled inner-shell electron for the ionization of atoms, which leads to ionization edges in 

the spectrum due to energy losses that are characteristic for an element. Compared to the 

Plasmon generation, the inner-shell ionization is much less probable process, leading to a low 

intensity of the peaks. The representation of the high-loss region is often strongly enhanced 
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due to the low intensity. The background noise effects high loss region which need to be 

taken care to maintain better signal to noise ratio in EELS. 

 

Figure 2.19: EEL Spectrum (taken on a TiO2 nanorod) (a) Zero loss peak and low loss 

region, (b) Core loss region  

 

To cope up with the background signal a specially designed lacey carbon coated TEM grid 

was also utilized to minimize interference of carbon signal as a noise in the EELS signal. 

EELS have been utilized to understand role of surface chemistry in hydro thermally 

synthesized TiO2 nanorods (discussed in section 2.2.3.1) and will be discussed in Chapter 3 

section 3.3. 

 

B. Energy Filter TEM (EFTEM): 

 

In EFTEM mode images are produced from elastically scattered electrons of elements for 

providing information about the distribution of elements in the sample over the selected area 

(Region of interest). In this mode images formed only considering elastically scattered 

electrons called Filtered image (elastic image) which helps to discard contribution of highly 

scattered electrons and enhances image contrast. Image collected using elastic and inelastic 

signals is called Unfiltered image. To study the homogeneity of the elements present in the 

sample, an energy selecting slit is placed just after the magnetic prism to select specific core 

loss energy (for element) and project it on to the CCD camera to form the images (Fig. 2.18). 

The image aberrations are corrected using quadrupole and sextupole lenses (focusing and 

aberration correctors) in the GIF spectrometer [53]. GIF detector provides energy resolution 

(0.8eV) two order higher than EDX. The Gatan Quantum 963 GIF detector along with ultra-
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high speed CCD camera was deployed for all the analysis of TiO2 nanorods using HRTEM to 

understand the growth dynamics and will be discussed in chapter 3 section 3.3. 

In Fig. 2.20 shows EFTEM images and elemental mapping taken on a single TiO2 nanorod 

grown by hydrothermal synthesis (discussed in section 2.2.3.1) has been shown. 

 

 

Figure 2.20: EFTEM imaging and mapping taken on single TiO2 nanorod grown by 

hydrothermal synthesis (a) Unfiltered image, (b) Filtered image, and (c) Chemical mapping. 

 

2.4 Conclusion 
 

In this thesis chapter, demonstration about the synthesis of thin film and nanostructures of 

binary oxides (WO3, TiO2) has been provided. PLD and hydrothermal route has been used for 

the synthesis and growth parameters have been standardized to tune the size, shape, 

morphology of those binary oxides. Most importantly, PLD technique has been employed to 

grow vertically aligned nanowires of binary oxides though it is a well-known technique for 

thin film growth only. 

All the characterization was done using advanced techniques/tools like XRD, SEM. The 

analysis provided information about the phase purity, high crystallinity, and surface 

morphology of the samples. The growth dynamics and possible growth mechanism further 

will be investigated using spatially resolved tools and technique in chapter 3. 

Also the effect of modification of the size, shape and crystal structure on different physical 

property of binary oxides will be investigated in chapter 4 and 5 to provide new dimension to 

the application of binary oxide nanostructures. 
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Chapter 3 

 

Interface physics and surface chemistry analysis using 

advanced characterization tools  

 

This chapter has been mainly focused on the study of interface physics analysis of binary 

oxide nanostructure (WO3). The role of interface in case of WO3 nanostructure has been 

investigated using advanced cross sectional sample preparation technique in a Dual Beam 

Focused Ion Beam (FIB)-FESEM based lithography. In order to have a detailed chemical 

analysis of the interface, Scanning Transmission Electron Microscopy (S-TEM) along with 

Energy Dispersive X-ray spectrometry mapping (STEM-EDX) has been employed. The 

growth mechanism involved in Pulse Laser Deposition (a type of Physical Vapour 

Deposition) method has been proposed with a possible model in detail. Beside this, the 

surface chemistry and effect of substrate on the growth of TiO2 nanostructures (grown using 

wet chemistry route) was also explored down to single nanowire level using Energy Filtered 

Transmission Electron Microscopy/Electron Energy Loss Spectrometry (EFTEM/EELS) 

attached to TEM. The growth mechanism involved in this wet chemistry method has also been 

proposed with possible model. The study enhances the knowledge based on the role of 

interface as well as surface chemistry in case of binary oxide nanostructures during the 

growth of samples by both Physical Vapour Deposition and wet chemistry synthesis route 

respectively. 
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3.1. Introduction 
 

In search of nano dimensional binary oxides with novel properties, many interesting 

synthesis method have been developed in the last few decades. Among different metal binary 

oxides, WO3 and TiO2 nanostructures have large variety of application in opto electronics, 

selective catalysis, environmental engineering and pigment devices, environmental 

purification by photocatalysis and dielectric materials [1-11]. The one dimensional WO3, 

TiO2 nanostructures (nanowires/nanorods) are more attractive for nano device fabrication 

because of their large surface to volume ratio which helps to felicitate interaction between 

devices and interacting media. Hence the nano dimension of the binary oxides and the surface 

area of the fabricated device will play an important role for the optimum performance of the 

device [12]. These wide ranges of applications are controlled by the physical properties of 

these binary oxides, which mainly depend on the crystal structure, surface morphology, 

chemical composition, and phase stability of the resulting structures [13, 14]. According to 

recent study WO3 and TiO2 nanostructures are grown using different growth techniques e.g. 

sputtering [15], sol-gel [16], evaporation [17], hydrothermal [18-20] etc. in assembled and 

array form. But the growth of highly crystalline, oriented and vertically aligned 

nanostructures growth over large surface area is still an open interesting area to explore. 

Moreover, understanding of interesting physics arising out of the effect of nanostructure, 

substrate interface and surface chemistry on the growth process has been explored in detail in 

this chapter. This thesis chapter mainly on focused understanding of the vertically aligned 

WO3 nanowires growth dynamics and a brief analysis on vertically aligned TiO2 nanorods 

growth dynamics have also been provided. The chapter is aligned into two parts by 

explaining the role of interface as well as surface on the growth dynamics. In the first part the 

understanding of growth dynamics of the nanostructures of binary oxides (WO3) has been 

carried out using Cross Sectional Transmission Electron Microscopy (X-TEM) analysis 

technique where role of nanostructure and substrate interface was observed. The X-TEM 

microscopic analysis was done on X-TEM sample (lamella), of the vertically aligned WO3 

and interface (nanowires and substrate interface), which was prepared using Dual Beam 

Focused Ion Beam –Field Emission Scanning Electron Microscope (FIB-FESEM). In the 

second part of the chapter the role of surface chemistry has been explored in case of TiO2 

nanostructures using Scanning-Transmission Electron Microscopy (STEM) along with 

Electron energy loss spectroscopy (EELS) study.  
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3.2. Interface physics analysis of WO3 nanowires on Pt/SiO2/Si 

 

Pulsed laser deposition (PLD) technique, which is generally well known for thin film 

deposition was used to synthesize the WO3 nanowires on Pt/SiO2/Si (Pt/Si) substrates using 

different parameters (details described in chapter 2, section 2.2.2.2) [21]. Growth of 

nanowires using PLD is very rare and non–trivial. Growth of nanostructures of WO3 using 

PLD and the study of nanowires and substrate using X-TEM study was not reported before. 

The growth parameters were controlled to standardize the technique to grow vertically 

aligned nanowires on substrate (details described in chapter 2, section 2.2.2.2). It has been 

observed that the increase in laser fluence modified the surface morphology of WO3 from 

nanocrystalline thin film to highly oriented vertically aligned nanowires (NWs) has also been 

shown. The details of all the growth parameters in PLD during this synthesis have been 

provided in Table 3.1 below. 

Table 3.1: PLD parameters for synthesis of WO3 film and nanowires 

 

 

The reason behind the growth and the growth mechanism will be investigated in this chapter. 

This chapter is mainly focused on the growth mechanism and the study of interface between 

WO3 nanowires and Pt/Si substrate. 

The growth of nanostructures of WO3 was done using PLD technique which is one of the 

Physical Vapour Deposition (PVD) techniques. Generally in PVD technique growth 

dynamics follows different growth modes like, (i)Vapour solid (VS), (ii) Vapour-liquid-solid 

(VLS) or (iii) Preferential Interface Nucleation (PIN) [22-26]. 
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The growth of nanowire/film by PVD method depends on thermodynamic parameters: super 

saturation (Ds) and substrate temperature (Ts) given by equation 3.1 [21] 

Ds = KTs ln (R/Re) ….. ……………………………….(3.1) 

Where R = Actual deposition rate and Re = Equilibrium value, K = Boltzmann constant.  

From Table 3.1, it is quite clear that with increase of laser fluence the nanocrystalline thin 

film (at 110mJ) changes to partially/non-aligned nanowire (at 160mJ) and finally vertically 

aligned nanowire (at 200mJ). The influence of different growth parameters on the phase and 

morphology of the material grown in PLD and their characterization have been explained 

earlier (chapter 2, section 2.2.2.2). 

The growth dynamics for i) nanocrystalline thin film and ii) Partially/non-aligned nanowires 

could be explained from generally reported VS mode growth [22] where at lower laser energy 

formation of film like structure occurs and wire like structure formation starts with increase 

of laser fluence above a critical laser energy following same growth mode [21]. But, for 

vertically aligned nanowires, VLS mode growth is not possible, as the deposition temperature 

is not high enough to melt the catalyst and diffuse the vapour through the molten catalyst to 

grow nanowires. In that case, only PIN mode may be assigned which needs further 

understanding regarding the growth mechanism. In following sub sections below each growth 

dynamics has been explained in detail. 

 

(i) Growth dynamics of WO3 nanocrystalline thin film 

When the laser energy is low R/Re value is also less which lowers the value of Ds (equation 

3.1) and hence large island like growth occurs which coalesce due to the presence of Ts and 

forms film like morphology. In Fig. 3.1(a) a schematic diagram of the proposed growth 

dynamics of WO3 thin film has been depicted [21]. 

 

(ii) Growth dynamics of WO3 nanowires (Partially/non-aligned) 

In the VS growth mode the vapor from the ablated target in PLD gets deposited 

preferentially on the solid catalysts at moderate temperature forming a unidirectional growth. 

For the vapor-solid (V-S) mechanism that leads to the formation of one-dimensional 

nanostructures, the supersaturation ratio of the condensing species in the gas plays a key role. 

To enable anisotropic growth to form nanowires, the supersaturation ratio of the condensing 

species must be maintained below some critical value, above which two-dimensional or even 

isotropic growth occurs. That is, a low supersaturation ratio is required for anisotropic 
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growth, whereas a medium supersaturation ratio leads to growth of bulk crystals [22]. Fig. 

3.1(b) shows schematic representation of VS mode growth. 

 

 

Figure 3.1: Schematic diagram of (a) Growth dynamics of WO3 thin film (Inset: FESEM 

image of nanocrystalline WO3 thin film on Pt/Si); Schematic diagram of different growth 

mode in PVD (b) Vapour Solid (VS) growth (c) Vapour Liquid Solid (VLS) growth. 

 

In the VLS mode, vapors diffuse through the liquid catalyst (very high substrate 

temperature) and saturate on the substrates to form catalyst leading nanowires. The growth of 

a crystal through direct adsorption of a gas phase on to a solid surface is generally very slow. 

The VLS mechanism circumvents this by introducing a catalytic liquid alloy phase which can 

rapidly adsorb a vapor to supersaturation levels, and from which crystal growth can 

subsequently occur from nucleated seeds at the liquid–solid interface [23-25]. Fig. 3.1(c) 

shows schematic representation of VLS mode growth. The physical characteristics of 

nanowires grown in this manner depend, in a controllable way, upon the size and physical 

properties of the liquid alloy. 

In case of WO3 nanostructure synthesis in PLD, with the increase in the laser fluence (160 

mJ) the deposition rate (R) increases that increase Ds and hence promotes wire like 

morphology over a critical value of laser fluence (equation 3.1). The nanowires are 

partially/non-aligned in this case and follows VS growth mode as deposition temperature is 

not reasonably high enough to melt Pt layer (600
o
C). It cannot support VLS growth mode as 

melting of catalyst is one of the prime conditions in VLS growth mode. But with further 

increase in the laser fluence it has been noticed that the nanowires become highly oriented as 

https://en.wikipedia.org/wiki/Adsorption
https://en.wikipedia.org/wiki/Catalytic
https://en.wikipedia.org/wiki/Supersaturation
https://en.wikipedia.org/wiki/Crystal_growth
https://en.wikipedia.org/wiki/Nucleation
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well as vertically aligned. This leads to the possibility of finding another mechanism that has 

not been explored largely in case of growth of nanowires. This method was proposed by 

Wacaser et al. [26], which is based on preferential nucleation at the interface (PIN) between 

the deposited material and a crystalline solid (substrate). In Fig. 3.2 schematic diagram of 

growth dynamics proposed for partially/non-aligned nanowires has been shown [21]. 

 
 

Figure 3.2: Schematic diagram of growth dynamics of partially/non-aligned WO3 nanowires 

(Inset:FESEM image of partially/non-aligned WO3 nanowires on Pt/Si). 

 

Now, the growth mechanism for vertically aligned nanowires required modification of 

substrates with the help of laser fluence or laser parameters in PLD. Hence this proposition 

made us to rethink about the growth mechanism of the vertically aligned nanowires. This can 

be made possible by using spatially resolved technique of X-TEM analysis.  

In the next sections 3.2.1 there is a discussion on how the cross-section lamella (lamella) of 

the WO3 nanowires and substrate (nanowires/substrate) interface was prepared, and High 

Resolution TEM (HRTEM) analysis on the cross-section nanowires/substrate interface will 

be provided in section 3.2.2. Finally in section 3.2.3 underlying physics behind the growth of 

vertically aligned WO3 nanowires has been discussed. 

 

 

 

 

 



 

Chapter 3                                                      Interface physics and surface chemistry analysis 

65 

3.2.1. Lamella preparation of WO3 thin film and nanowires on Pt/Si 

 

The role of nanowires/substrate interface was investigated on cross sectional lamella 

(lamella), which was prepared in Helios 600 (FIB-FESEM) along with Gas Injection Source 

(GIS), Omniprobe accessories (discussed in Chapter 2, section 2.3.1.3). The lamella of 

WO3/Pt/Si (lamella) preparation was carried out on thin film, partially/non-aligned and 

vertically aligned nanowires of WO3 on Pt/Si (WO3/Pt/Si sample) using the FIB-FESEM 

which is the most advanced equipment in the field of SEM for imaging and lamella 

preparation. 

Before starting the lamella preparation region of interest (ROI) needs to be chosen to place it 

at a eucentric height (focal plane of electron and ion source) so that it remains focused for 

both Ion Beam and Electron Beam during lamella preparation.  

While preparing the lamella of WO3/Pt/Si, five crucial steps, as explained below, had been 

followed. Also the standardization to avoid possible damage and implantation of Gallium 

(Ga) ions on the nanowires has been discussed. The procedure for lamella preparation has 

been described as follows: 

 

i. Protective layer deposition on WO3/Pt/Si 

In the ROI of WO3/Pt/Si a platinum layer was deposited using FIB and GIS. Typical 

dimension (X × Y ×Z) of the protective layer made on WO3/Pt/Si sample was (15m ×2m × 

2m), shown in Fig. 3.3(a). 

 

Figure 3.3: (a) Protective Pt layer deposited on top of the WO3/Pt/Si sample, (b) After 

regular cross sectional cut in lamella of WO3/Pt/Si by FIB. 
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ii. Bulk milling, intermediate milling and U-Shape cut 

Once the protective layer was formed, milling and cross sectional cutting of lamella from the 

WO3/Pt/Si sample was carried out. In this process standardization was made to minimize 

Gallium (Ga) deposition (only 4% in this work has been achieved) and the lamella was 

prepared for X-TEM analysis.  The steps involved in this process are: 

 

a. Bulk milling to separate the lamella from the bulk sample 

In this step the FIB regular cross sectional cut was done just below the lamella with Pt-layer 

on both side of the WO3/Pt/Si sample. During this process the stage was tilted at to face the 

ion beam directly. Typical parameters for bulk milling of WO3/Pt/Si samples are provided in 

table 3.2. In Fig. 3.3(b) the lamella after the bulk or regular milling has been shown and it is 

standing like a nanowall inside the WO3/Pt/Si sample. 

 

Table 3.2: FIB parameters for bulk milling of lamella  

FIB current Lamella size Stage tilt kV 

9.3-21nA X= 15m, Y= 2Z, Z= 5m 52º 20kV 

 

b. Intermediate milling 

This process reduces the lamella thickness from micrometer (m) to hundreds of nanometer 

(nm) using cleaning cross section (CCS) mode at half depth of the bulk mill to clean the 

lower and upper exposed portion of the lamella. The details parameters for intermediate 

milling of WO3/Pt/Si are provided in table 3.3 below. 

 

Table 3.3: FIB parameters for intermediate milling of lamella  

FIB current  Initial lamella thickness Stage tilt kV Final lamella thickness 

2.4nA 5-10m 53.5º 10-20kV 1m-800nm 

 

c. U-Shape cut 

The lamella was taken out from the bulk sample by U-shape cut. In U-Shape cut, regular 

cutting was carried out at low ion current (2.4nA) at three side of the lamella and one side 

was half cut to keep the lamella hanging from the bulk WO3/Pt/Si until it is welded with 

omniprobe for lifting out. Fig. 3.4 shows the lamella hanging from one end of WO3/Pt/Si 

sample. 
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Figure 3.4: U-Shape cut lamella attached at one end of WO3/Pt/Si sample. 

 

iii. Lamella lift out 

One of the most difficult and sensitive part of cross sectional sample preparation was the 

lamella lift out. The omniprobe and GIS were inserted at very low magnification and 0° stage 

tilt of the FIB-FESEM. 

Omniprobe was used to lift out the lamella from the bulk WO3/Pt/Si and attaching it to the 

TEM grid. Initially it was moved and welded with the lamella surface using Pt-deposition. 

Afterwards the attached left portion of the lamella (Fig. 3.4) was cut from the WO3/Pt/Si 

sample and omniprobe needle was moved away from the WO3/Pt/Si sample position shown 

in Fig. 3.5(a). 

 

iv. Transfer and welding of lamella to TEM grid 

The lamella of WO3/Pt/Si needs to be attached to the specially designed omniprobe TEM grid 

(Fig. 3.5(a) inset) to perform microscopic analysis. Initially the position of the TEM grid was 

chosen and the lamella surface placed close to TEM grid followed by welding using GIS-Pt 

deposition. Then, the lamella was attached to omniprobe and TEM grid shown in Fig. 3.5(b). 

Afterwards omniprobe was detached from the lamella using FIB milling. 



 

Chapter 3                                                      Interface physics and surface chemistry analysis 

68 

 

Figure 3.5: (a) Lamella attached to Omniprobe needle (Inset: Omniprobe TEM grid), (b) 

Lamella attached on TEM grid and with Omniprobe needle. 

 

v. Final thinning of the lamella 

The last and most crucial part of cross sectional sample preparation is final thinning of the 

WO3/Pt/Si lamella as it needs special caring of the lamella else the whole process would have 

damaged the thin lamella. The FIB parameters for final thinning are provided in Table 3.4 

below. The final thinning was performed at low kV and low beam current to avoid possible 

damage of the lamella. Afterwards fast scan imaging with electron beam was performed to 

remove remittent residue material/ions on the surface of the thin lamella. Fig. 3.6(a) shows 

WO3/Pt/Si lamella image after thinning down to 200-300nm and Fig. 3.6(b) shows the thin 

(<100nm) portion of the WO3/Pt/Si lamella which is ready for HRTEM analysis. 

 

Table 3.4: FIB parameters for lamella final thinning 

 

Initial lamella thickness kV FIB Current Final lamella 

thickness 

(a)  1m-800nm 10-20kV 2.4nA 300-200nm 

(b) 300-200nm 2-5kV 0.24nA <100nm 
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Figure 3.6: (a) Lamella after initial thinning, (b) Lamella after final thinning 

 

The FESEM images of all three lamellas after final thinning (thin film, partially/non-aligned 

nanowires, and vertically aligned nanowires) in dual beam FIB-FESEM are shown in Fig. 3.7 

[21]. 

 

Figure 3.7: FESEM images of lamella of (a) WO3 thin film, (b) partially/nonaligned and (c) 

vertically aligned nanowires prepared by FIB-FESEM. 
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3.2.2.  Microstructural and chemical analysis using HRTEM and EDX  
 

Microstructural analysis on WO3/Pt/Si lamellas for thin film, Partially/non-aligned and 

vertically aligned nanowires were studied using High Resolution (HR) TEM and STEM 

mode (described in chapter 2, section 2.3.1.4). Also STEM mode with EDX Spectrometry 

(described in Chapter 2, section 2.3.2.1) line and area mapping analysis on WO3/Pt/Si 

lamellas (thin film, partially/nonaligned and vertically aligned nanowires) were performed to 

understand the microstructure, chemical composition at the interface of WO3 nanowires and 

Pt/Si substrate. 

FEI Tecnai G
2 

TF20 ST, 200kV TEM along with EDAX detector was used for the elemental 

mapping of the lamella. Elemental mapping of elements like Tungsten (W) and Platinum (Pt) 

and Oxygen (O) has been discussed below in sections 3.2.2 (b) and (c). 

 

a) HRTEM analysis on WO3/Pt/Si thin film, partially/non-aligned and 

vertically aligned nanowires 
 

Before analyzing the interface physics and growth mechanism a brief microstructural analysis 

has been provided in this section. In fig 3.8 (a-c) Selective Area Electron Diffraction (SAED)  

patterns (discussed in chapter 2 section 2.3.1.3) of thin film, nonaligned nanowire, vertically 

aligned nanowire show change in crystal structure from monoclinic (Fig. 3.8 (a) to 

orthorhombic (Fig. 3.8(b, c) respectively due to change in laser energy [21].  

 

Figure 3.8: Selected area electron diffraction pattern of (a) thin film lamella (Inset: TEM 

image of thin film lamella), (b) partially/non-aligned aligned nanowire (Inset: TEM image of 

a partially/non-aligned nanowires) and (c) vertically aligned nanowire (Inset: image of a 

vertically aligned nanowire). 

 

 



 

Chapter 3                                                      Interface physics and surface chemistry analysis 

71 

HRTEM image in Fig. 3.9(a) of thin film lamella shows lattice fringes having spacing of 

about 0.32 nm, which corresponds to the (220) plane of the monoclinic cell having unit cell 

parameters a= 0.7297 nm, b = 0.7539 nm, c = 0.7688 nm. Similar analysis has been 

performed on partially/nonaligned, vertically aligned nanowires show single crystallinity and 

corresponds to the (002) plane with lattice fringe spacing 0.3828nm (Fig. 3.9(b, c)) [21]. 

 

Figure 3.9: HRTEM micrographs showing lattice fringes of (a) thin film lamella, (b) 

partially/non-aligned nanowire, (c) vertically aligned nanowire. 

 

b) STEM-EDX mapping analysis on WO3/Pt/Si lamella of partially/non-

aligned WO3 nanowires 
 

HADDF-STEM image provides information about the interface of WO3 nanowires with the 

Pt/Si substrate. Fig. 3.10(a) shows the STEM image of the lamella and the substrate 

nanowires (WO3/Pt/Si) interface are clearly distinguishable from the image. In Fig. 3.10(b) 

STEM-EDX line mapping (red arrow line shows direction and position of line mapping in 

Fig. 3.10(a)) shows accumulation of Pt (which comes from the protective layer) at the 

interface during lamella preparation of the partially/non-aligned nanowires due to the gaps in 

between the nanowires [21]. The diffusion of platinum inside the nanowires array during final 

thinning was confirmed from Fig. 3.10(b). As the nanowires are partially/non-aligned so 

diffusion of Pt from the top protective layer is obvious. The interface also contains very small 

amount of tungsten oxide with excess amount of oxygen, which suggests that during PLD 

deposition at lower laser energy (160mJ) tungsten gets impinged into the substrate at the 

interface before the growth of the nanowires. During the growth process, the impinged 

tungsten gets oxidized and formation of WOx might have occurred at the interface [21].  

To confirm the presence of non-stoichiometric tungsten oxide at the Pt/Si and nanowire 

interface of the lamella STEM-EDX area mapping has been performed (Yellow marked area 

in Fig 3.10(a) is position of mapping). The analysis shows that the diffusion of tungsten (W) 
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and oxygen (O) was low at the interface and it was unable to modify the whole Pt layer of the 

substrate hence, the growth of the partially/non-aligned nanowires are governed by the PLD 

parameters and the Pt/Si substrate itself, following VS mode growth (Fig. 3.11). This analysis 

suggests that the growth takes place with less area of favourable nucleation site at the 

interface and promotes partially/non-aligned nanowire growth [21]. 

 
 

Figure 3.10: (a) HAADF-STEM image of partially/non-aligned WO3nanowires/Pt/Si lamella 

and Pt/Si, nanowires interface, (b) STEM-EDX line mapping from Pt/Si to nanowires through 

the interface. 

 

 

 

Figure 3.11: STEM-EDX area mapping of the partially/non-aligned WO3nanowires/Pt/Si 

lamella at nanowires and Pt/Si interface. 

 

c) STEM-EDX mapping analysis on WO3/Pt/Si lamella of vertically aligned 

WO3 nanowires 

 
The HAADF-STEM image of the vertically aligned WO3 nanowires/Pt/Si lamella in Fig. 

3.12(a) is much more compact and due to very less amount of space in between nanowires 

there is no diffusion of Pt from the top protective Pt layer inside the array and at the interface 
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as shown in the STEM-EDX line mapping in Fig. 3.12(b) (taken at red arrow region of Fig. 

3.12(a)). STEM-EDX line mapping also provides information about the diffusion of 

Tungsten (W) and Oxygen (O) in a higher amount compared to partially/non-aligned 

nanowires deposition [21]. 

 

Figure 3.12: (a) HAADF-STEM image of vertically aligned WO3nanowires/Pt/Si lamella and 

Pt/Si, nanowires interface, (b) STEM-EDX line mapping from Pt/Si to nanowires through the 

interface. 

 

The higher laser energy might have an impact on the formation of nucleation just before the 

growth of the nanowires which can be confirmed from area mapping. From STEM-EDX area 

mapping (taken at yellow box region of Fig. 3.12(a)) shows higher impingement of W and O 

as well as a tiny layer formation of tungsten oxide with deficit oxygen (Fig. 3.13). The above 

observation clearly shows that the overall Pt in the substrate gets modified due to the 

formation of WOx (~70nm) at the interface which reduces the nucleation barrier at the 

interface and acts as a nucleation centre/layer to support the growth of vertically aligned 

nanowires (Fig. 3.13) [21]. 

This analysis provides a platform to explain the possible growth mechanism behind the 

different growth under PLD technique and aids the understanding of the important role 

played by the nanowires/substrate interface. 

It also provides information about how a PVD technique like PLD can be used to grow 

vertically aligned nanowires, which is generally used for thin film growth. It also gives 

information about the condition where a thin film formation is hindered and vertically aligned 
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nanowire formation occurs. The possible mechanism and understanding of the same has been 

discussed in next section 3.2.3. 

 

Figure 3.13: STEM-EDX area mapping of the vertically aligned WO3nanowires/Pt/Si 

lamella at nanowires and Pt/Si interface. 

 
 

3.2.3. Understanding of role of Interface: Growth mechanism for the 

formation of vertically aligned WO3 nanowires 

 

From the above observation it can be inferred that higher laser energy (200 mJ) helps to 

increase R and consequently Ds (equation 3.1). It is known that in case of pulsed laser 

assisted growth at higher laser energy, the laser induced diffusion of ablated materials may 

occur. This has already been observed and confirmed by FESEM and STEM-EDS analysis, 

that diffusion of W and O adatoms within Pt catalyst forms a mixed layer of 70 nm at the 

interface. Hence the interfacial region which is formed by the modification of the Pt layer acts 

as favorable nucleation site for the growth of vertically aligned WO3 nanowires by reducing 

the overall contribution of the energies provided by surface energies of the substrate and the 

growing crystal as well as the interface energy between the two. Thus in case of vertically 

aligned nanowires (200mJ), growth mode may be assigned to PIN as shown in schematic 

diagram in Fig. 3.14 [21]. 

In previous section we provided the information about growth and interface physics study of 

WO3 nanostructures grown by PLD method. In the next section 3.3, discussions on growth 

and surface chemistry study of TiO2 nanorods array grown by wet chemistry route has been 

provided. 
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Figure 3.14: Schematic diagram of growth dynamics (PIN mode) for vertically aligned WO3 

nanowires on Pt/Si grown in PLD (Inset: FESEM image of vertically aligned WO3 nanowires 

on Pt/Si). 

 

3.3. Microstructure, surface chemistry and substrate effect 

analysis for vertically aligned TiO2 nanorods growth 

 

In section 3.2 analysis vertically aligned nanowires of WO3 grown by PLD technique has 

been provided in details. In this section a discussion on microstructure, surface chemistry and 

substrate effect on growth of vertically aligned TiO2 nanorods has been provided. TiO2 

nanorods were grown on TiO2seeded/FTO and TiO2seeded/Pt(111)/Si/SiO2 (Pt(111)/Si) 

substrate by using hydrothermal method (details discussed in Chapter 2 section 2.2.3.1) [27]. 

This section of the thesis chapter also presents a simple and a general strategy to improve the 

growth of highly oriented rutile-TiO2 nanorods at a low temperature, which in turn provides 

an opportunity to integrate them in devices. This section also provides information about the 

influence of different substrates which are the basis of integration of these nanorods in 

devices and are not really explored. 

Mechanisms of phase transformations, reasons for nucleation of materials and explanations 

for the development of polytypic intergrowths are some of the basic questions in the area of 

material science. Thus it is very necessary to understand the relationships among crystal size, 
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crystal morphology, and stability to determine the primary mechanisms controlling 

crystallization. In this regard, this study will also provide a precise mechanism which might 

help in the understanding of different growth on different substrates. This understanding has 

been provided by an in-depth electron microscopic and chemical analysis in TEM. Surface 

morphology, phase formation analysis has been provided in chapter 2 section 2.2.3.1. 

 

3.3.1. Microstructural analysis on a single TiO2 nanorod  

Fig. 3.15 shows TEM Bright Field, SAED pattern and HRTEM images of a TiO2 NR grown 

on TiO2seeded/FTO (Fig. 3a, b, c) and TiO2 seeded/Pt(111)/Si (Fig. 3d, e, f) respectively, and 

confirms that the nanorods are single-crystalline in nature. In case of NR (diameter~100 nm), 

grown on TiO2seeded/FTO, has growth direction along the (110) crystal plane with a 

preferred orientation along (001) (Fig. 3.15(b)), free from crystal defect and the lattice fringes 

(d110 ~ 3.2 Å) confirms tetragonal rutile phase (JCPDS card no. 21-1276) (Fig. 3.15(c)). Fig. 

3.15(e) SAED pattern confirms the rutile structure of the NR (diameter~ 150 nm) grown on 

TiO2seeded/Pt(111)/Si and Fig. 3.15(f) shows the presence of crystal defects and a small shift 

in lattice spacing (d110 ~ 3.3 Å) [27]. 

 

 

Figure 3.15: TiO2 NR grown on TiO2seeded/FTO (a) TEM Bright Field image showing a 

single nanorod (b) SAED pattern (c) HRTEM image; TiO2 NR grown on 

TiO2seeded/Pt(111)/Si (d) TEM bright field image of a single NR, (e) SAED pattern and  (f) 

HRTEM image (Inset: crystal defects). 

 



 

Chapter 3                                                      Interface physics and surface chemistry analysis 

77 

3.3.2. Surface chemistry analysis on a single TiO2 nanorod using Gatan 

Imaging Filter (GIF) 

 

The chemical analysis was performed on a single nanowire level, which requires a more 

spatially resolved tool. Gatan Imaging Filter (GIF) is used here as it is more precise, and as in 

this method region of interested could be small down to few tens of nm for chemical or 

elemental analysis. As this study entails an inclination towards a small portion of the 

nanowire, the use of GIF will provide far better access to chemical information in those 

smaller dimensions.  

In EFTEM mode information about the stoichiometry of the nanorod elements was observed 

and in EELS mode the oxygen deficiency was studied and the effect behind the same was 

also analyzed. 

The chemical analysis of a single TiO2 nanorod (NR) under GIF provides very interesting 

information on the surface chemistry at a single nanorod level. Fig. 3.16 shows the EFTEM 

mapping for Ti L shell and Oxygen K shell of TiO2 NR grown on TiO2seeded /FTO and 

TiO2seeded/Pt(111)/Si, respectively. The EFTEM mapping on a portion of a single nanorod 

depicts the distribution of the elements (Titanium (Ti) and Oxygen (O)) throughout the 

nanorod [27]. Fig 3.16(a, b) shows homogeneous distribution of Ti and O respectively, in NR 

grown on TiO2seeded/FTO whereas; Fig. 3.16(a, b) shows inhomogeneous distribution of the 

Ti and O respectively, in NR grown on TiO2seeded/Pt(111)/Si. In Fig 3.16(d) oxygen K shell 

mapping shows the concentration of O is higher at tip of the NR and lesser all along the 

length. Hence distribution of oxygen throughout the NR is inhomogeneous. This analysis also 

confirms that the NRs grown on TiO2seeded/Pt/Si have oxygen deficiency, hence mixed 

anatase and rutile phases are present. [27] 

 

 

Figure 3.16: EFTEM mapping on TiO2 nanorod grown on TiO2seeded/FTO substrate (a) Ti 

L Mapping, (b) O K mapping; EFTEM mapping on TiO2 nanorod grown on 

TiO2seeded/Pt(111)/Si substrate (c) Ti L mapping and (d) O K Mapping. 
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In Fig. 3.17 (a) and (b) Electron Energy Loss Spectrometry (EELS) study shows core-loss 

spectra of Ti L2, L3 edge and O K edge taken on a single NR grown on TiO2seeded/FTO and 

TiO2seeded/Pt(111)/Si substrates respectively. It is clear from the spectrum (Fig.3.17 (a) and 

(b)) that there is a chemical shift in the Ti L-edge and O K-edge in case of Pt(111)/Si 

substrates [27]. Hence the change in the stoichiometry of the nanorods, as well as the change 

in the valence state of both Ti and O has been confirmed. 

 

Figure 3.17: EELS spectrum showing chemical shift in the Titanium L edge (red line) and 

Oxygen K edge (pink line) of TiO2 nanorod on (a) TiO2seeded/FTO (b) 

TiO2seeded/Pt(111)/Si Substrates, respectively. 

 

The core loss spectrum for Ti L edge and O K edge on single NR grown on TiO2seeded /FTO 

substrate is shown in Fig. 3.18(a) and (c) respectively. The core loss spectrum of Ti L edge 

and O K edge for single NR grown on TiO2seeded/Pt(111)/Si substrate is shown in Fig. 

3.18(b) and (d) respectively. Fig. 3.18(a) and (b) core loss spectrum of Ti L edge shows 

transition of Ti 2P to 3d. The spectrums were fitted using standard Lorentzian fitting, which 

shows Spin-orbit splitting into 2p
3/2 

(L3) and 2p
1/2 

(L2) levels, with a separation of 5.1eV and 

4.8eV respectively for both Ti Spectrum [27]. The separation in the binding energy and peak 

shift confirmed that there is a difference between the chemical states of Ti of the NRs grown 

on both the substrates. This chemical shift is related to the reduction of the Ti according to 

several reports [28, 29]. Hence in case of NRs grown on TiO2seeded/Pt(111)/Si presence of a 
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mixed phase is clearly justified from the chemical shift. Earlier reports on experiments and 

DFT calculations from different groups confirmed that the Ti Ledge and O K edge of TiOx 

(x<2) shifts toward a higher energy-loss position as compared with that of TiO2 [28, 29]. Fig. 

3.18 (c) and (d) shows O K edge spectra corresponding to the transition of O1s to 2p of the 

NRs grown on TiO2seeded/FTO and TiO2seeded/Pt(111)/Si respectively. 

For the NRs grown on two substrates splitting can be observed in the O K edge 

corresponding to transition to O 2p-Ti 3d hybridized states. Two distinctive features at 532eV 

and 535eV for TiO2seeded/FTO and 534 and 536eV for TiO2seeded/Pt(111)/Si has been 

observed for these spectra. The oxygen (O
2-

) attached to Ti
4+ 

in TiO2 related to the peaks at 

532eV and the surface adsorbed oxygen species associated with the peak at 532eV [30, 31]. 

The number of oxygen defects on both the (002) and (100) facets corresponds to area under 

the curve and the intensity of the overall oxygen peak. 

 

Figure 3.18: EELS spectrum (deconvoluted) of Titanium L3 and L2 edge (black line) with 

Lorentzian fitting curves (pink, red and green lines) on  (a) TiO2 nanorod/TiO2seeded/FTO, 

(b) TiO2nanorod/Pt(111)/Si; EELS spectrum (deconvoluted) of Oxygen K edge (black line) 

with Lorentzian fitting curves (red, green and pink lines) on (c) 

TiO2nanorod/TiO2seeded/FTO and (d) (red, green and blue lines) on 

TiO2nanorod/TiO2seeded/Pt(111)/Si. 
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In Fig. 3.18 (c) and (d)) from the O1s overall curves for both the substrates respectively it can 

be concluded that there are abundant surface oxygen defects in the TiO2 NRs in case of 

TiO2seeded/Pt(111)/Si substrates. It has been observed that the ratios of surface oxygen 

defects play a role in the photocatalytic activity of TiO2 NRs [32, 33]. 

It can be concluded from EELS analysis that the type of substrate which enables the growth 

of TiO2 NRs with a high ratio of (002) facets on FTO substrates regulates the photocatalytic 

activity (controlling the oxygen stoichiometry) of the TiO2 NRs. 

 

3.3.3. Understanding of Growth mechanism of TiO2 nanorods synthesized 

by hydrothermal route 

 

The nanorods synthesized on plain glass or tin doped indium oxide (ITO) coated glass 

substrates, were polycrystalline in nature and randomly oriented with respect to the substrate 

specified in earlier report [34]. 

Reports confirmed that the “oriented attachment growth mechanism” is followed during the 

aggregation of TiO2 nanoparticles [35]. The adjacent particles are self-attached instantly to 

share a common crystallographic orientation in case of oriented attachment and get connected 

at a planar interface. For Particles which nucleate on a substrate and coalesce during growth 

also follows this mechanism [35]. Attachment always takes place at the high energy surfaces 

in order to reduce the surface energy by eliminating high energy facets. TiO2 seed on FTO 

can effectively act as a nucleation layer for growth of TiO2 nanorods on FTO substrate [36]. 

Growth of TiO2 crystal occurs instantly along (002) plane to minimize the surface energy, as 

both the rutile TiO2 and FTO have tetragonal structure and the surface energy of (002) plane 

is much higher than (110) plane. Thus the growth direction of the nanorods in this case is 

perpendicular to the (002) plane which also was according this analysis found to be [100]. 

The high lattice mismatch and difference in structure of Pt(111)/Si (Cubic, a = 3.9Å) and 

TiO2 (Rutile, a=b=4.593Å) TiO2seeded Pt(111)/Si substrate does not provide similar 

nucleation sites thus the probability of the growth of (002) plane is reduced i.e the growth 

direction of the nanorods are parallel to the (002) plane i.e, [001] [27]. The nucleation and 

growth of rutile TiO2 is thermodynamically and kinetically controlled by the enhanced corner 

shared bonding of [TiO(OH2)5]
2+

nuclei in case of acidic solution. Also, the selective 

adsorption of anions on (002) surface occurs due to the presence of large number of five-fold 

co-ordinated Ti
4+

 atoms, two-fold coordinated O
2-

 atoms and oxygen vacancies and a 
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‘screening layer’ is formed on surface which restrict further oxidation of [TiO(OH2)5]
2+ 

complex on surface [27]. 

On the contrary, [TiO(OH2)5]
2+

 complex has been adsorbed to decrease the surface energy 

due to presence of two cusps of rods consist of other higher energy surface. Thus in case of 

TiO2seeded/Pt(111)/Si substrate the nanorods grow anisotropically (Fig. 3.19). The shape 

controlled chemistry where Cl
- 
ions are selectively adsorbed onto the (110) crystal plane of 

rutile TiO2, suppressing further growth of that plane and resulting in the formation of 

nanorods or nanoflowers also can explain the anisotropic growth of the nanorods (Fig. 3.19). 

The preferential growth of (002) facet of TiO2 nanorods on TiO2seeded/FTO substrates has 

also been proposed considering the surface energy of (002) plane is much higher than (110) 

plane. According to Donnay Harker rules, {001} faces has about 1.4 times higher surface 

energy than {110} faces. During the time of crystal growth higher energy surfaces usually 

diminish very fast [37, 38]. It has been observed that TiO2 seeding layer on FTO substrate 

efficiently provides nucleation sites during the growth of TiO2 nanorods on FTO [36]. The 

epitaxial growth of TiO2 nanorods on FTO substrate was only possible due to a very small 

lattice mismatch of rutile TiO2 (a=b= 4.953Å) and FTO (a=b= 4.687Å) substrate [20]. 

 

Figure 3.19: Schematic diagram showing the substrate dependent anisotropic growth of TiO2 

NRs and corresponding FESEM images. 
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3.4. Conclusion 

 
This chapter has thus provides information about the analysis of nanostructures and substrate 

interface physics by preparing cross sectional lamella using Dual beam FIB-FESEM and 

surface chemistry using advanced chemical analysis technique (EELS/EFTEM).  

Growth of vertically aligned WO3 nanowires using PLD is very rare and non–trivial 

technique. The growth of nanostructures of WO3 using PLD and the study of 

nanowires/substrate interface using cross sectional X-TEM study performed, was not 

reported before. The influence of laser energy on the growth morphology has been studied in 

details. The laser energy used for the ablation controls, the plume, the energy and flux of the 

ablated material then reaches the substrate on which growth occurs. This ablation parameter 

in PLD can be controlled which in turn leads to the control of growth morphology, to grow 

the dense vertically aligned single crystalline nanowires. Lamella preparation parameter was 

standardized to minimize the effect of gallium ions depositing on samples, which reduced 

gallium implantation to as low as 4%. The STEM-EDS analysis explores the role of nanowire 

and substrate interface and growth parameters during synthesis process and how one can tune 

the growth and grow desirable nanostructures of binary oxides. These will help to have a 

control over nanowires’ size and their distribution density, which is one of the critical 

problems for their effective integration in practical devices. 

Also, in the surface chemistry analysis using GIF, the processing-structure–property 

relationships in highly oriented TiO2 nanostructures along with the influence of different 

substrates (cubic and tetragonal), which are the basis of integration of these nanorods in 

devices, have been explored. The growth mechanism and dependence of morphology of TiO2 

nanorods on the surface chemistry of substrate has been provided from this analysis. It has 

been found that TiO2 nanorods and anisotropic nanoflowers together can be grown on 

different planes if the material property, surface chemistry of the substrate can be changed 

from rutile to cubic. Further, the growth of polycrystalline TiO2 nanoflowers using Pt(111)/Si 

as a substrate has been also demonstrated in detail. 
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Chapter 4 

 
 

Opto-electrical property study on Tungsten Oxide (WO3) 

thin film and nanostructures 
 

In this chapter, the opto-electrical response of metal binary oxide (e.g Tungsten oxide (WO3) 

thin films and nanostructured film having different surface topology/morphology grown by 

Pulse Laser Deposition technique (PLD) has been studied. The PLD growth parameters are 

tuned in such a way that the thin films of different and desired surface morphologies like 

nanocrystalline film on SiO2/Si (SO) and needle like structured film on SrTiO3 (STO) (100) 

substrates were obtained. The two films show completely different photoreponse behavior; 

nanocrystalline film having ON/OFF states of photocurrent in presence/absence of light with 

27% current enhancement and needle like nanostructured film showed persistent 

photocurrent (PPC) even after removal of light with 50% current enhancement at room 

temperature at a nominal bias voltage of 0.1V at 360nm wavelength. These phenomena 

strongly depend on surface morphology, presence of light as well as the surface area exposed 

to light. An explanation has been proposed for this modification of photoresponse behaviour 

in consideration of different surface morphology, surface defects, and adsorption/desorption 

of oxygen along with effect of light. 
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4.1 Introduction 
 

Tungsten Oxide (WO3) bulk, thin film and nanostructures are extensively studied materials 

as it is possible to synthesize in different size, shape and morphology [1-10]. WO3 

nanostructures are capable of providing wide range of properties e.g. optical, gasochromic, 

optoelectrical [11-15], which makes it a popular candidate for applications in wide angle high 

contrast display, gas and temperature sensor and other optical field. Studies from the last 

decade confirm that these properties were also dependent on material size, shape, 

crystallinity, texture, structure and effect of quantum confinement at low dimension [1, 16-

19]. 

Optical property and optical response of WO3 on different nanostructures, thin films are less 

explored and very few reports are available on the luminescence response of WO3 

nanostructures, due to its low emission efficiency and indirect band gap electronic structure. 

Though, some characterization on optical behaviour on different WO3 nanostructures had 

been reported but detail study remains unexplored [17, 20-21]. 

Wavelength dependent photoresponse of opto-electrical device using binary oxide 

nanostructures was not studied earlier. In this chapter photoresponses on WO3 nanocrystalline 

film and needle like structured film with different surface morphology have been studied 

extensively. Photoresponse study on single NW level was reported almost a decade earlier 

[16], but surface morphology dependent photoresponse study has not been highlighted 

afterwards. Also, physical properties (e.g. optical) on different WO3 nanostructures had been 

reported but the science behind the possible mechanism remains unexplored [17, 20-21]. 

In this thesis chapter, the effect of size, shape and morphology tailoring on physical 

properties of binary oxide (WO3) has been emphasized. It had been observed interestingly 

that the modification or tuning of surface morphology from nanocrystalline film to needle 

like structured film tuned the photoresponse. The possible physics behind this modification in 

respect of surface morphology and chemical stoichiometry have been explained in details in 

this chapter. 
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4.2 Principle behind photoreponse/opto-electrical response 

 

The recent advancement of application in the field of semiconductor material created interest 

for the study of semiconductor device application. The popular advanced optical 

semiconductor devices are p-n junction device with optoelectronic property (eg: Laser diode, 

light emitting diode, photodiode) [23-25]. This advancement in the application attracts more 

research knowledge for semiconductor device with optical properties. The optical and 

optoelectrical property of this semiconductor device mainly depend upon the p-n junction 

type and the material used as semiconductor. The basic semiconductor material has 

conduction and the valance band separated by a gap known as the energy band gap (Eg). The 

recent advancement of these semiconductor materials provided information about presence of 

some level in between conduction and valance band known as impurity/defect levels created 

due to the defects or the impurities of the material during synthesis. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Schematic view of Band Diagram of Semiconductor. Source ref. [26] 

 

Fig. 4.1 shows the schematic band diagram of a semiconductor and the intermediate impurity 

levels. The photoconduction phenomena observed in the photo sensitive semiconductor 

material can be easily explained using the basic concept of electron transport in 

semiconductor. These processes involve photon absorption, generation of free carries, 

electrical transport by free carriers and finally recombination or trapping of those carriers. 

The photoconduction terminologies described below are illustrated using Fig. 4.2. 
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4.2.1 Intrinsic optical absorption  

 

In this process/mechanism semiconductor material transport electron form valance band to 

conduction band by absorbing photon energy Fig. 4.2(a) 

 

4.2.2 Extrinsic optical absorption 

 

In this process/mechanism of semiconductor material, transport of electron from impurity 

level to conduction band and valance band to impurity level takes place by absorbing photon 

energy, Fig. 4.2(b) and (c) respectively. The electrons present in the impurity level are 

capable of (i) recombining with free carrier of opposite type Fig. 4.2(d) and (e), or (ii) they 

will be excited by other sources (e.g thermal energy) for recombining in the nearest band. 

This involves capturing/trapping and releasing/detrapping of the electrons. Fig. 4.2(f) depicts 

this process and defines the dynamics of photoconduction as well as the time dependency of 

the photocurrent. 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Major transitions and phenomena associated with opto-electronic effects in 

homogeneous semiconductors (a) Intrinsic absorption, (b) and (c) extrinsic absorption, (d) 

and (e) capture and recombination, (f) trapping and detrapping. Source ref. [27]. 

 

4.3 Physics behind electrical contacts 
 

The opto-electrical response from a device can be measured once the electrical contacts 

(metal contacts) on both ends of the device were fabricated. The contact also controls the 

flow of electron (electrical current flow) in the metal and semiconductor junction. There are 

two types of contacts: 
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4.3.1 Ohmic contact 

 

This type of contact is capable of filling the carrier deficiency created by photo excitation of 

the material in presence of applied electric field and the current-voltage (I-V) curve is linear. 

 

4.3.2 Schottky/non-ohomic contact 

 

This type of contact is unable to fill the carrier deficiency created due to photo excitation of 

the material in presence of applied electric field and I-V curve shows non linearity. To give 

more insight about the schottky contact behaviour, we have defined few terminologies 

considering the schematic of schottky contact barrier in Fig. 4.3. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: A Schottky barrier blocking contact between a metal and n-type semiconductor 

formed when work function of metal is larger than that of the semiconductor. Source ref. 

[27]. 

 

In Fig 4.3 qD is the difference of the energy of work function of metal (qM) and 

semiconductor (qs), diffusion potential is D. The barrier height required to cross for a 

metal-semiconductor for opto-electrical conduction is defined as  𝜙 = 𝑞𝜙𝑀 − 𝜒𝑆,

𝜒𝑆 =electron affinity of semiconductor. Now, in case of schottky contact the barrier height 

becomes larger than qD by an amount (Ec -EF), where Ec= energy of the bottom conduction 

band and EF= energy of the Fermi level.  
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For a typical schottky contact with positive metal electrode, current will flow form metal to 

semiconductor due to rising of the energy level and the expression for the current flow in 

device is given by equation 4.1 [28]: 

I(V) = I0exp (
qV'

ηkT
-1)

exp(
-q(ϕ1-ϕ2)

kT
)

exp(
-qφ2

kT
)+exp(

-qϕ1
kT

)exp(
qV'

ηkT
)
…………….(4.1) 

where, V′ =V−IR, R being the series resistance, 1 and 2 are the barrier heights for two end 

contacts of the device in forward and reverse bias respectively, k being the Boltzmann 

constant and  is the ideality factor of a diode semiconductor, I0 is current flow across the 

metal-semiconductor interface by thermionic emission in both direction given by equation 

4.2.: 

I0 = A*T
2
exp (-k…………….……………………..(4.2) 

barrier height in the metal-semiconductor interface and T = temperature. Illumination can 

reduce barrier height (′s) by carrier generation and enhance photo-current. 

In this thesis, measurement on both ohomic contact and non-ohomic contact device was 

performed. The nano-crystalline film shows ohomic contact whereas needlelike structure film 

shows schottky contact behaviour. 

 

4.4 Photoconductive Gain 

 

The Photoconductive gain (G) is defined as the number of photons incident on the sample to 

the number of carriers generated [29]. G is directly related to photo-generated carrier lifetime 

and transit time given by equation 4.3. 

G = (Ncarrier/Nphoton ) = (tV/l
2
) ……………………………… (4.3) 

Where,  generated carrier life time, t = photo-generated carrier transit time, carrier 

mobility V = applied bias across the sample and l = sample length. 

 

4.5 Types of photoresponse 
 

Photoresponse study was concentrated on two different types of photoresponse behaviour in 

oxide thin film. Those are: 
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4.5.1 Switching (ON/OFF) photoresponse 

 

In this type of photoresponse the current remains low as and when the light/photon is not 

falling on the sample. This response is described in Fig. 4.4(a), where the minimum current 

defined as the dark current or OFF state current and the ON state current is defined as Photo 

current (PC). 

 

Figure 4.4: (a) Switching (ON/OFF) response of photocurrent, (b) Persistent Photocurrent 

response. 

 

4.5.2 Persistent Photo current (PPC) response 

 

When sample PC raises to its maximum value in presence of light but the current does not go 

to dark current value upon removal of light, rather it decays exponentially with a higher life 

time, is called Persistent Photo current (PPC). In Fig. 4.4(b) describe as an example the 

nature of the PPC with time. 

 

4.6 Opto-electrical property analysis of binary oxide (WO3): 

thin film and nanostructures 
 

To study the photo response behavior on WO3 nanostructures, and to investigate whether 

there is any effect of surface morphology on opto-electrical behavior, it has been grown on 

different substrates. Two different substrates SiO2/Si (SO) (d = 5.4Å) and single crystalline 

SrTiO3 (STO) (d= 3.905Å) (100) with different lattice parameter has been taken. Growth of 

WO3 on SiO2/Si (SO) and SrTiO3 (STO) (100) substrate using PLD technique, phase and 

morphology characterizations has been discussed in detail in Chapter 2 Section 2.2.2.1. The 
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typical PLD parameters both nanocrystalline and needle like structured film is shown in table 

4.1. 

Table 4.1: PLD parameters for WO3 films deposition 

Substrates SO STO 

Laser Fluence 2J/cm
2
 4J/Cm

2
 

Oxygen Partial Pressure 30Pa 30Pa 

Laser Frequency 1Hz 3Hz 

Deposition Time 30min 30min 

Post deposition annealing 30min No annealing 

 

The two WO3 films grown have different surface morphology as shown in FESEM image 

(Fig. 4.5 (a-b)). The film on SO shows nanocrystalline nature with grain size 20-30nm (Fig. 

4.5(a)), whereas film on STO shows highly oriented (100) needle like structure (Fig. 4.5 (a-

b)). 

 

 

 

Figure 4.5: FESEM images (a) nanocrystalline film on SO, (b) needle like structured film on 

STO 

 

The microstructural analysis and interesting effect of size, shape, morphology tailoring on 

photoreponse property of and possible physics behind the response will be discussed in 

sections 4.6.1 to 4.6.4 and 4.7. 
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4.6.1 Microstructural and chemical analysis of WO3 nanocrystalline film  

 

The microstructural and chemical analysis was performed in TEM with GIF (energy filter 

TEM (EFTEM)) (discussed in chapter 2 section 2.3.1.4). The HRTEM image and selective 

area diffraction pattern shows crystalline nature of the films and lattice spacing is 3.8Å which 

is well matched with WO3 monoclinic structure in Fig. 4.6(a,b) [22]. Chemical analysis of the 

film using EFTEM mode in GIF confirms the homogeneity of chemical composition of 

Tungsten (W) and Oxygen (O) of the film using EFTEM Fig. 4.6(c,d) [22]. 

 

Figure 4.6: (a) HRTEM image, (b) SAED pattern and (c, d) EFTEM mapping of WO3 film 

grown on SO shows Oxygen (O) and Tungsten (W) map. 

  

4.6.2 Device fabrication and experimental setup for photoresponse 

measurement 

 

The opto-electrical response was studied on both the WO3 films. The WO3 films were 

deposited in dimension (3mm × 300 m × 100 nm) on both SO and STO using a metal mask. 

for fabricating the device and contact pads. The contact pads were made by depositing Cr/Au 

(10/150nm) using the high vacuum thermal evaporation technique. In Fig. 4.7(a) schematic 

diagram, of the device and in Fig. 4.7(b) actual image of the device with electrical contacts 

have been shown.  

Schematic diagram of experimental setup using a white light source with monochromator 

with variable wavelength along with Kithley source meter (Kithley 2400) as a current source 

has been shown in Fig. 4.8, for the photoresponse measurement. All the measurement was 

performed at room temperature under different wavelength of light from 300-700nm range 

using the optical setup with monochromator. 



 

Chapter 4                                                                              Opto-electrical property study 

94 

 

 

Figure 4.7: (a) Schematic diagram of the device, (b) Image of the device with electrical 

contacts 

 

Figure 4.8: Schematic diagram of experimental setup for photoresponse measurement (Inset: 

image of our lab opto-electrical setup). 

 

4.6.3 Photoresponse measurement on nanocrystalline WO3 film on SO 

 

Photoresponse of the WO3/SO film, current (I)-voltage (V) response at dark (no light) 

condition as well as at visible wavelength (500nm) were measured. In Fig. 4.9(a) the I-V 

curve depicts that the contacts are non ohomic in nature (discussed in section 4.2.2 (b)) as the 

curve has nonlinearity and asymmetry.  

The resistivity of the film is 0.04 Ω-cm is calculated from the curve. To study the wavelength 

dependent electrical response of the film a nominal bias voltage of 0.05V was applied and 

current (I)-time (t) has been measured starting from light OFF to light ON then again light 

OFF condition under different wavelengths. In Fig. 4.9(b) the current increases to a 

maximum value and saturates till the light is ON and goes down to base level (dark current) 

as light turned OFF, which shows a distinct switching (ON/OFF) response of the device [22]. 
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The wavelength dependent study confirmed that maximum PC is at wavelength 500nm which 

is actually close to the absorption peak (band to band transition) of WO3 [22]. 

 

Figure 4.9: Photoresponse data of nanocrystalline WO3 film on SO (a) I–V data in dark and 

under light (500 nm), (b) Time dependent photoresponse (I-t) at different wavelengths. 

 

4.6.4 Photoresponse measurement on needle like structured WO3 film on 

STO 

 

The above wavelength dependent measurement was also carried out on the needle like 

structured film, and from the I-V curve (Fig. 4.10(a)) it was observed that the contacts were 

ohmic in nature (discussed in section 4.2.2 a) as it was linear and symmetric. The resistivity 

calculated from the I-V data was 0.2 Ω-cm. The photo response measurement showed that 

film was much more sensitive to light with a nominal 0.1V bias. The sample had a sharp 

response to light and the current rises very fast and does not go down to dark current value 

even after the light was turned OFF.  

The PC retained for long hours (after turning OFF light) i.e. Persistent Photo current (PPC), 

has been shown in the Fig. 4.10(b). Time dependent photoresponse curve showed an 

exponential rise and decay during light ON and OFF respectively [22], which was observed 

earlier only on a single WO3 nanowire [16] and other binary oxides [30, 31]. To get more 

insight about this interesting photoresponse, the curves were fitted using the stretched 

exponential model. In this model the raising part of the curve follows the equation 4.4 and the 

decay part follows the equation 4.5 [32]: 

𝐼 = 𝐼𝑑𝑎𝑟𝑘 + 𝐼𝑃𝐶 [1 − 𝑒−(𝑡
𝜏𝑟

⁄ )
𝛽𝑟

]………………….(4.4) 
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𝐼 = 𝐼𝑑𝑎𝑟𝑘
∞ + [𝐼𝑚𝑎𝑥 − 𝐼𝑑𝑎𝑟𝑘  ]𝑒−(𝑡

𝜏𝑑⁄ )
𝛽𝑑

…………….(4.5) 

Where Idark is the dark current, IPC is the PC, r is the raising time constant, and r is the 

stretched exponential constants. Where I
∞

dark is the dark current a long time after the removal 

of illumination and Imax is the maximum PC just before the removal of illumination, d is the 

time constant for decay, and d is the decay constant. The equation fitted with photoresponse 

curve (Fig. 4.10(b)) to estimate the two time constants. Those time constants are plotted with 

wavelengths as shown in Fig. 4.10(c). The plot showed r ~100 - 200 sec; d ~ 3000 - 10000s; 

r ~ 0:5 - 1, and d ~ 0:40 -0:50 which comply with the experimentally obtained photoreponse 

[23]. 

 

 

Figure 4.10: (a) I–V data in dark and under illumination with few representatives for 

bneedle like structured WO3 film on STO. (b) I-t curve and PPC with and without 

illumination, respectively, at different wavelengths () represented by symbols, the 

continuous line represents the fitted curve. (c) The dependent raising time constantr and 

decay time constant d with and without illumination, respectively, as obtained from fitting. 
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4.7 Understanding of effect of morphology tuning of WO3 on 

photoresponse 
 

Till date the optical/ luminescence study of nanostructured WO3 showed blue emission 

response and Near Ultraviolet (NUV) response [17]. Also as an indirect band gap 

semiconductor luminescence response was very low in case of WO3 bulk or nanostructures so 

it was less studied. Very recent investigation on WO3 nanostructures under different growth 

temperature provides information about the two different luminescence/optical responses 

[17]. The band to band transition from typical WO3 nanostructure was responsible for blue 

emission whereas, the NUV emission corresponds to oxygen vacancies and surface state 

defects as well as increase in surface to volume ratio (needle, wire, brunch like structure) [12-

13, 17, 33-34]. The surface state defects comes due to the growth parameters, as WO3 

nanostructures possess more defects when grown at comparatively lower temperatures (500-

700°C) [35]. 

In this PLD grown nanostructures it has been observed that the nature of photoresponse was 

different for two nanostructures. 

In Fig. 4.11 wavelength dependent photocurrent gain [(Imax-Idark)/Idark]% was plotted, which 

showed that photoresponse was maximum at 525nm with 27% gain and 360nm with 50% 

gain for nanocrystalline film and needle like structured film, respectively. As 525nm is near 

blue emission and at 360nm is near UV emission so the photoresponse for nanocrystalline 

film corresponds to blue emission and needle like structured film NUV emission. 

 

Figure 4.11: Gain in Photoresponse (a) nanocrystalline film on SO, (b) needle like 

structured film on STO 
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As discussed earlier that the blue emission was due to band to band transition and incase of 

nanocrystalline film the response was also ON/OFF type, so it validates the swtiching 

photoresponse behavior. The PPC of WO3 needle like structured film was due to the surface 

morphology effect, as increases in surface to volume ratio (needle like structured) also shifts 

the emission response towards UV region [13, 17, 34]. The surface defect due to oxygen 

vacancies present in the nanostructures for the low temperature (600°C) growth [35] supports 

adsorption of oxygen in ambient condition. This may takes place as chemisorption process 

[22], where chemisorbed oxygen (O2) which was either adsorbs in the system or desorbs on 

the WO3 needle like structured film. The adsorption process is define as the trapping of 

electron on the film surface by molecular O2(g) as O2(g) + e = 𝑂2
−and the release of O2(g) 

leaving the electron is desorption process given by 𝑂2
−+ h

+
 = O2(g). Considering, WO3 as an 

indirect band gap semiconductor another possible reason for this photoresponse/photocurrent 

may be the generation-recombination process of electron –hole pairs [22]. 

Now, in case of the film on STO due to needle like structured, the effective surface area was 

more compared to the nanocrystalline film on SO, so it possesses more chemisorbed O2 than 

film on SO. This chemisorbed O2 prevents the charge carrier recombination and prolonged 

the photo-carrier life time, hence the persistent photo current (PPC) (discussed in section 

4.6.4). Also, the thickness of the film plays an important role, as film on STO had more 

material compared to film on SO, so it was virtually thicker. Thus, because of the different 

thickness the PC can be limited in thickest film (on STO) because of charge carrier diffusion 

length, carrier transport within the film and slow response of the same. It also may be noted 

that, under light illumination, the photoresponse of a thin film is much rapid than the thicker 

one due to short optical path length for harvesting photons. This can happen because the 

thicker film takes longer time to reach an equilibrium state of electron transformation when 

the illumination state is changed [36, 37]. 

 

4.8 Conclusion 
 

In conclusion, WO3 film and nanostructured film was synthesized using PLD method. It has 

been observed from the experimental results that photoresponse behaviour is dependent on 

surface morphology. Here Two morphologically different films (nanocrystalline film and 

needle like structured film), were obtained. The opto-elctrical behavior was different under 

light illumination (on/off); the thin film (on SO) showed distinct photocurrent ON/OFF 
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states, whereas, the nanostructured film (on STO) showed enhanced photocurrent and 

substantial part of enhanced PC retained over a long period of time as PPC even the 

illumination was removed. The understanding of possible mechanism behind the response 

had been discussed in detail. 
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Chapter 5 

 

Analysis of transport of gas in one dimensional (1D) 

porous binary oxide nanostructures using Cavity 

Enhanced Absorption Spectroscopy (CEAS) 

 

In this chapter, the diffusion or transport of gases in one dimensional (1D) porous metal 

binary oxide (e.g. Tungsten oxide (WO3) nanostructure grown by hydrothermal synthesis has 

been studied. The growth parameters are controlled to grow such porous and large aspect 

ratio (length: diameter) nanostructure. This 1D nanostructure are able to show isotope 

selective diffusion of gases, like for CO2, it preferentially allow only one of the stable 

isotopes, 
12

CO2 to diffuse through it and does not allow the other isotope,
13

CO2. These 

phenomena strongly depend on surface morphology, effective surface area and large aspect 

ratio. The diffusion process has been explained as a physical process following Knudsen 

diffusion in porous medium. This is completely a new phenomenon which has been explored 

in this thesis chapter in detail. 
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5.1. Introduction 

 

One dimensional (1D) nanostructure has fascinated considerable attention in recent years due 

to their special properties, which make them important in basic scientific research and also in 

potential technological applications. Binary oxides, like WO3 is one of the interesting 

materials because of its potential applications in display devices, optical shutters, nano-

electronics and catalysis [1-3]. Furthermore, over the past decades, metal oxides were being 

used for detection of several gases [4-6]. Studies of these oxide nanostructures were aimed at 

the formation of high surface to volume ratio as their physical properties were significantly 

affected by the shape, size, texture and surface morphology. Investigation of opto-electrical 

properties of nanostructures of WO3 showed significant variation in photoresponse behavior 

on modification of surface morphology and surface area [7-8]. However, the transport or 

diffusion of gases through the large aspect ratio nanostructures of WO3 is one of the 

interesting and less understood areas. Directly or indirectly it has an impact on a large class 

of problems in modern day material sciences. Several reports have been found supporting the 

gas sensing aspect, and possible origin of this process were generally being described by 

chemisorption, in last few decades. They were being explained by considering role of 

adsorbed oxygen [9], Schottky barrier mechanism [10], chemical effects [11] etc. It had to be 

noted, that one important observation by Sakai et.al reported on the gas diffusion controlled 

sensitivity using thin film semiconductors was explained on the basis of Knudsen diffusion 

and a possible theoretical approach had been made about the mechanism [12]. 

Another more recent application of oxide nanostructures was the diffusion and transport of a 

gas through large aspect ratio nanowires and nanotubes that leads to isotope selectivity. The 

process appeared to be guided by physical processes that arise when gas transport through 

such nanostructures (e.g. WO3) instead of chemical activities which often claimed before 

[13]. 

In last part of this thesis work, the aim was to show how the 1D large aspect ratio binary 

oxide nanostructures (e.g. nanotubes) with the large surface area and porous surface 

morphology provided platform for enhancing the diffusion as well as isotopic separation of 

carbon dioxide (CO2) gas when it diffused through it. 

In this thesis work, it has been observed that, when atmospheric CO2 gas diffuses through the 

1D porous binary oxide nanostructure (e.g. WO3), it allows only one isotope 
12

CO2 of CO2, 

among the two major stable isotopes (
12

CO2 and 
13

CO2). This process of isotope selective 
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diffusion of a gas through the nanostructure has been explained as surface sensitive physical 

processes and not due to chemical activity, as considered before. Generally the surface 

sensitive physical processes like Knudsen diffusion, laminar flow and surface diffusion are 

used to describe the transport mechanisms, when a gas passes through some porous mediums 

[12, 14]. Few reports on transport of mixture of gases through microporous composite 

membrane were available where gas transport through pores (~2-4 nm diameter) was used to 

separate out gases from mixture of gases, like mixture of H2, CO2 etc. (having different 

molecular weight) and was also explained using above mentioned physical process [15]. 

Generally, gas diffusion through porous structures has been explained by chemical activity 

[14]. But no such report exists where the isotopic separation or fractionation of a gas occur 

during the transport or diffusion through a porous and large aspect ratio nanostructures of a 

binary oxide (e.g. WO3). 

In this research work Cavity Enhanced Absorption Spectroscopy (CEAS) [16-18], a spatially 

resolved tool and technique, have been used for precision measurement of diffused CO2 

isotopes (
12

CO2 and 
13

CO2) concentration within the material. CEAS along with conventional 

surface area analysis (Brunauer–Emmett–Teller (BET) analysis) has been carried out in this 

work, which added a new dimension to this work. It may be noted that such a combination of 

the above techniques for isotopic gas separation analysis is completely a new approach in this 

area. 

This is the first time such physical processes have been observed for a gas with isotopic 

enrichment. Also, isotopic gas separation using metal oxides like WO3 has not been explored 

or investigated before. Understanding of isotopic gas separation process is also important 

from the application point of view, as this isotopic fractionation in gases generally has been 

utilized in geochemistry using the complicated chemical process like mass spectroscopy etc. 

[19]. Knowledge based on isotope selective diffusion and isotopic fractionation using 

nanostructures through a physical process will open up an important application potential. 

Here, how the surface morphology of WO3 nanostructures (nanotubes, nanowires) facilitates 

diffusion of CO2 isotopically from environment has been investigated. 

It has also been shown here that use of specific surface morphology of WO3 nanostructures 

allows transport of only one of the two major stable isotope of carbon dioxide following 

some physical process and hence in turn can control isotopic fractionation of CO2, 

(
12

CO2,
13

CO2 ) i.e. ratio of 
13

CO2 and 
12

CO2 or 
13

C in gases. It needs to be pointed out that, 

the aspect of physical process of preferential diffusion of only one isotope (
12

CO2) of CO2 
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through the porous surface of the 1D nanostructures (e.g. WO3) from a given environment yet 

not explored. Our experiment thus opens up a new dimension to control isotope ratio in gases 

which can be used in isotope separation of gases. 

 

5.2. Brief background about isotope and isotopic fractionation 

 

Isotopes of any element have only difference in their number of neutron and no difference in 

electronic configuration hence having same chemical property. In this thesis work, isotope of 

carbon has been considered for Carbon dioxide (CO2) gas. CO2 gas is a greenhouse gas and 

in recent time its concentration in environment increasing due to increased pollution level. 

CO2 in environment contain mainly two stable isotopes (
12

CO2, 
13

CO2). The natural 

abundance of those isotopes is 98.5% and 1.105% respectively. The analysis on isotope 

provides information about distribution of stable isotope in a material which may be used for 

direct inferences regarding diet, trophic level, and subsistence about food available in 

different climate. 

Isotope analysis also provides information about another crucial aspect i.e. isotopic 

fractionation, which is ratio of non-radiogenic stable isotopes, stable radiogenic isotopes or 

unstable radioactive isotopes of a material, e.g. in case of CO2 two stable isotopes are 
12

CO2, 

13
CO2, then isotopic fractionation denoted by δ

13
C is an isotopic signature, a measure of the 

ratio of those stable isotopes i.e.
 13

C:
12

C in parts per thousand (per mil, ‰). Similarly: δ
18

O 

is 
18

O: 
16

O, δ
15

N is 
15

N : 
14

N  etc. δ
13

C has been expressed in following form below: 

 

 

 

13

C/
12

C
standard

= 0.0112372  

 

The isotope analysis was usually done by Isotope-Ratio Mass Spectrometry (IRMS), to 

separate different element isotopes on the basis of their mass-to-charge ratios. 
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5.3. Analysis of transport of gas in 1D binary oxide (WO3) 

nanostructures  

 

Analysis of transport of gas has been performed in 1D porous WO3 nanostructures (e.g. 

nanotubes). It has been synthesized in hydrothermal route to achieve porous, large aspect 

ratio (length: diameter >1). Growth of 1D porous WO3 nanotubes in hydrothermal route, 

phase and morphology characterizations has been discussed in detail in Chapter 2 Section 

2.2.3.2. Microstructural analysis, transport of gas analysis and understanding of possible 

mechanism are provided in next sections from 5.3.1 to 5.3.3. 

 

5.3.1 Microstructural analysis of 1D WO3 nanostructures 

 

The single crystallinity and presence of pores and average diameter of those nanotubes have 

been confirmed from the high resolution TEM images shown in Fig. 5.1(a, b). The elemental 

homogeneity of the constituent elements throughout the individual nanotubes has been 

confirmed using the Energy Filtered TEM technique and it indicates homogeneous 

distribution of elements inside the grown nanowires (Fig. 5.1(c, d)). 200kV TECNAI G
2
 

TF20-ST TEM along with GATAN Quantum 963 electron energy loss spectrometer was used 

for this analysis. 
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Figure 5.1: HRTEM images (a) TEM Bright Field image, (b) HRTEM, (c & d) EFTEM 

mapping of WO3 nanotubes show homogeneous distribution of constituent elements Tungsten 

(W) and Oxygen (O) in the nanotubes. 

 

5.3.2 Transport of gas (CO2) measurement setup and procedures 

 

WO3 nanotubes were initially kept in a vacuum sealed cylindrical glass tube at room 

temperature which was incorporated into a PID controlled heater with a sensor, the typical 

schematic diagram of experimental setup shown in Fig. 5.2. The experiment was carried out 

at ambient pressure and in the temperature range between 25-250
o
C. Initially, the chamber 

was evacuated to reach a minimum base vacuum then, different concentrations of CO2 

(Mixture of 
12

CO2 (98.42%) and 
13

CO2 (1.105%) natural abundance) were injected into the 

glass tube through a vacuum-tight septum as fed gas. 
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Figure 5.2: Schematic diagram of experimental set up for CO2 concentration measurement 

along with CEAS. 

 

The sample was heated to the desired temperature and kept to equilibrate. Once the 

equilibrium is reached, gas samples were collected from the flask at a regular interval with 

simultaneous heating of nanotubes up to 250C. Subsequently, collected gas samples were 

analyzed and isotope specific (i.e. 
12

CO2 and 
13

CO2) concentrations of CO2 were measured by 

a high-precision and ultra-sensitive CEAS system (discussed in next section). 

 

5.3.3 Measurement of isotopic CO2 concentration using CEAS 

 

(a)  Cavity Enhanced Absorption Spectroscopy (CEAS) 

 

A laser-based carbon dioxide isotope analyzer (CCIA 36EP, Los Gatos Research) exploiting 

Cavity Enhanced Absorption Spectroscopy (CEAS) technique for high precision 

measurements of CO2 isotopes in gas samples shown in Fig. 5.2 has been utilized [16-18].  

A high-finesse optical cavity, comprised of two high reflective mirrors (R99.98%) at a 

distance of 59 cm, traps the laser intensity inside the cavity coupling laser and cavity modes 

and thereby providing an effective optical path length of around several kilometers (3.5 

km). A temperature controlled distributed-feedback diode laser (DFB) is employed to scan 

over 20 GHz around the centre wavelength of 2.05 m to cover the absorption lines of 
12

CO2 

and 
13

CO2 isotopes at the wavenumbers of 4874.448 cm
−1

 and 4874.086 cm
−1

, respectively in 

a single laser sweep. The selected absorption features of 
12

CO2 and 
13

CO2 isotopes are the ro-

vibrational lines arising from the R(28) and P(16) rotational transitions of the (2ν1 + ν3) 
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vibrational combination band of CO2 molecule, respectively in this spectral region. The high-

resolution absorption spectra were fitted with Voigt line-shape function in real-time to 

calculate the absolute concentration of 
12

CO2 and 
13

CO2 isotopes in accordance with Beer-

Lambert law. 

The temperature of the cavity is controlled at around 46°C by a resistive heater and feedback 

control system whereas pressure of 30 Torr is maintained inside the optical cavity through a 

diaphragm pump. Mass flow controllers (MFC) connected with solenoid valve is utilized to 

control the flow of gas samples inside the cavity. The accuracy and precision of the CO2 

spectrometer were examined by utilizing different calibration standards from CIL 

(Cambridge Isotope Laboratory, USA), measured by Isotope-Ratio Mass Spectrometry 

(IRMS) with known concentrations of 
12

CO2 and 
13

CO2 isotopes provided in Table 5.1 

 

Table 5.1: Calibration of 13
C (‰) measurements: Comparisons of the 13

C‰ values 

measured by CEAS method (CO2 isotope analyzer) with the certified calibration standards 

(Cambridge Isotope Laboratory, USA). 1SD represents the one standard deviation of five 

successive measurements. 

 

Certified 
13

C ‰ calibration 

standards analyzed by IRMS 


13

C ‰ (±1SD) measured by CEAS 

-22.71 -22.69 ± 0.05 

-15.5 -15.50 ± 0.05 

-9.69 -9.71 ± 0.05 

 

(b) Analysis of CO2 diffusion concentration in 1D WO3 nanostructures 

using CEAS 

 

High precision estimation of concentration of CO2 and its isotopes inside WO3 nanostructures 

was done exploiting CEAS. In Fig 5.3(a) CEAS measurements show diffusion (decrease of 

CO2 concentration from the initial value) of CO2 in WO3 nanotubes with large aspect ratio 

(length: diameter) as a function temperature at various initial concentrations of CO2 (Case I-

IV), in the vacuum sealed chamber. The Case I-IV represents the different initial 

concentrations of CO2 ranging from 270 ppm to 530 ppm. In Fig. 5.3(a) (black curve) no 
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change in CO2 concentration i.e. no diffusion occurs when initial concentration (case I) of 

CO2 is well below 300 ppm (here 270 ppm). As the initial concentration increases (Case II-

IV), diffusion of CO2 increases (Fig 5.43(a)). The maximum diffusion occurs at 200 
o
C (Case 

I-IV). Thereafter, the diffusion of individual isotopes of CO2 has been studied. The isotope 

specific diffusion of CO2 has been plotted in Fig. 5.3(b) and the solid curve represents the 

change in concentration of 
12

CO2 isotope and dotted curve for 
13

CO2 isotope. For different 

initial concentrations (ppm) of CO2 (case II-IV), it has been observed from Fig. 5.3(b) that 

the porous WO3 nanotubes allows the diffusion of 
12

CO2 isotope only and it does not allow 

13
CO2 isotope (dotted curve) to diffuse through it. Thus two isotopes of carbon dioxide gas 

become separated by this isotope selective diffusion process via porous large aspect ratio 

nanotubes of WO3. 

 

 

Figure 5.3: (a) CO2 diffusion in WO3 nanotubes under different CO2 concetration and 

temperature, (b) 
12

CO2 and 
13

CO2 diffusion concentraion in WO3 nanotubes. 

 

The isotope selective diffusion of CO2 through the nanostructured WO3 has not been reported 

before. In natural abundance the concentration of 
13

CO2 is very low (1.105%) so to validate 

the isotope selective diffusion through WO3 nanostructures, experiments were done in 

enriched
 13

CO2 conditions. The enrichment was done up to 65% in the environment of 

experimental vessel and the concentration of 
13

CO2
 
has been plotted in Fig 5.4(a) for different 

enriched concentrations of 
13

CO2 ranging from 1.1-65% (Enrichment I-IV) in total CO2 

(
12

CO2 and 
13

CO2 mixture). It has been observed that enriched concentration of 
13

CO2 does 

not show any change from initial value which eventually signifies no diffusion through the 

WO3 nanotubes. The repeatability of isotope selective transport nature of WO3 nanostructures 
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was checked by performing the experiment for several numbers of cycles. Plot of 
12

CO2 

diffusion by the regenerated and recycled nanotubes up to 50 cycles has been shown (Fig 

5.4(b)) and found that the porcess is revervisble and sample has good recycleability. 

 

 

 

Figure 5.4: (a) No diffusion of 
13

CO2 under enriched 
13

CO2 condition (enrichment I-IV), (b) 

Reproducibility of diffusion of 
12

CO2 by reusing the nanotubes 50 times. 

 

(c) Role of surface morphology and porosity during diffusion of CO2 

through 1D binary oxide nanostructures 

 

Surface area and the porosity of the nanostructures of WO3 were estimated by BET 

measurement and observed that nanotubes have larger surface area and larger pore volume 

compared to nanowires WO3 micro and nano particles (Source: Sigma Aldrich and US 

research nanomaterial, respectively). However, BET analysis shows that the pore diameter is 

same in both nanowires and nanotubes (Table 5.1). In Fig. 5.5(a) Schematic diagram of a 

porous WO3 nanotube has been shown. 

It has been observed from BET analysis (Table 5.2) that surface area is larger in case 

nanotubes. Also concentration of CO2 diffusion (change in CO2 concentration form initial 

concentration of 400 ppm) within nanotubes of WO3 is the maximum among the other 

nanostructures. Diffusion of CO2, through Bulk WO3 and nanoparticles was almost zero (Fig. 

5.5(b)).  
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Table 5.2: BET analysis data of WO3 nanostructures 

 

 

 

 

 

 

 

Figure 5.5: (a) Schematic diagram of porous WO3 nanotube, (b) Temperature 

dependent CO2 diffusion in different WO3 nanostructures and micron particles (Initial 

CO2 concentration = 400 ppm). 

 

We propose that it is a surface induced phenomena and transport through the surfaces of 

nanostructures occurs by a physical process only. Bulk WO3 does not show any diffusion of 

gas, as the surface area was very less than the other nanostructures (Table 5.1).  

The porous 1D nanostructured of WO3 allowed the gas to diffuse through it, the amount of 

gas diffused through it, was estimated by using CEAS technique. While analyzing through 

the laser based spectroscopy, it has been noticed that the system allows to diffuse only one 

isotope, 
12

CO2 (Fig 5.3b) and does not allow 
13

CO2 to diffuse. In atmosphere as the 

concentration of 
13

CO2 is very low (1.105%). For confirmation of the novel phenomena, the 

enrichment of 
13

CO2 was done in the experimental environment and no diffusion of 
13

CO2 

observed (Fig. 5.4(a)). Hence, in this process of isotope selective phenomena of porous 1D 

Sample Surface area (m
2
/g) Pore Vol (cc/g) Pore dia (nm) 

WO3 nanowire 39.38 0.169 3.956 

WO3  nanotube 201.227 0.583 3.952 

WO3 bulk 3.11 0.034 57.268 
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nanostructured WO3, two major stable isotopes (
12

CO2, 
13

CO2) of CO2 turn out to be 

separated. 

Hence fractionation of isotopes occurs by the physical process like diffusion. This 

phenomenon of isotope selective diffusion of 
12

CO2 through pores (⁓4nm) on the surface of 

nanostructures of WO3 has not been observed before. Most of the available methods for 

isotope fractionation reported earlier, involved different rigorous sample preparation and use 

of costly apparatus for isotope separation involving laser source, gas chromatography, and 

mass spectrometry [19-23]. 

The possible mechanism of isotope selectivity by the nanostructures may be discussed 

considering it as a physical process. Generally, during transport through porous medium, 

diffusion of gas molecules may occur in three ways; through pore volume, along pore 

surfaces and through the solid matrix media of the nanotubes. Several factors are involved in 

the pathway of diffusion but a large fraction of diffusion occur through pore volume in all the 

temperature range (ambient to higher temperature), unless the pore volumes and the 

permeability are very low. For very low pore diameter (~few nm) of a porous medium, part 

of the total diffusion may follow the Knudsen type [12, 14-15]. If the pore diameter of a 

porous surface are smaller than the mean free path of the gas molecules, light weight 

molecules pass faster than the heavy one, according to Knudsen, average velocity of gas 

molecules is inversely proportional to the square root of the molecular mass following the 

equation 5.1: 

Vavg = (8RT/πM)
1/2

……………….(5.1) 

Where, Vavg is the average velocity of the gas molecules, M is the molecular mass, T is the 

temperature and R is the gas constant [15].   

Few reports on the transport of gases through the porous membranes (pore diameter of ~nm 

level) where porous membranes were used to separate out gases from mixture of gases of 

different molecular weight [15, 22] and was explained by some physical process like, 

Knudsen diffusion, laminar flow and surface diffusion etc. Separation of Uranium isotope 

through porous membranes was also explained by Knudsen diffusion [24]. 

The gas separation factor can be influenced by introducing an interaction between the pore 

walls, which results in an additional transport along the surface. Molecules adsorbed on the 

solid surfaces can have appreciable mobility and hence additional transport of gases has to be 

considered as a surface flow. Several reports on surface diffusion along the porous surface 

were made considering the diffusion of gas [25-28]. 
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In case of gas transport through the nanostructures with large aspect ratio of length: 

diameter~ 20:1 or more, with porous surface, where, pore diameter are small ~ 2-4 nm, 

porous surface can act like porous membrane, two types of diffusion may occur as 

demonstrated above. The part of total transport through the small pore diameter ~2-4 nm can 

be considered as Knudsen type, and the large surface area of the nanostructures could 

introduce additional transport via surface diffusion. The larger surface area (201m
2
/g) of 

nanotube was responsible for the surface diffusion. 

Here, the transport of carbon dioxide through the 1D porous nanostructures of WO3, where 

the pores on the surface act as capillary has been focused. One of the two major stable 

isotopes of carbon-dioxide, 
12

CO2 which is lighter weight passes through the capillary of the 

nanotubes and as a result, soon a small pressure difference is created which caused an overall 

back flow and opposes the flow of higher molecular weight 
13

CO2 molecules compare to 

12
CO2 through the nanotubes. As the surface area increases due to large length, the 

probability of surface diffusion increases, the diffusion of 
12

CO2 through the nanotubes with 

larger surface area (as estimated from BET analysis) compared to nanowires increases. The 

increase of temperature increases the flow as well as adsorption through the nanotubes 

following the normal diffusion process. 

 

5.4. Conclusion: 

 

In conclusion demonstration of isotope selective transport of carbon dioxide in 1D 

nanostructure (e.g. nanotubes) with porous surface morphology has been provided. The 

transport of one of the stable isotopes of carbon dioxide, i.e. 
12

CO2, can be explained by 

Knudsen diffusion along with surface diffusion process. The diffusion strongly depends on 

the porosity, morphology of the WO3 and it is not an inherent property of WO3.This isotope 

selective capability can be utilized for isotopic fractionation in a gas. 
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Chapter 6 

 

 

 

Summary and concluding remarks 
 

 

In this chapter, summary and important observations of this thesis work have been provided 

along with scope for future works. The mainfocus of this dissertation is the synthesis of 

vertically aligned one dimensional (1D) nanostructure of binary oxide and the mechanism 

governing the growth. In this thesis, we mainly focused on the synthesis, mechanism of 

growth, detailed characterization and physical property study of binary oxide. This thesis led 

to definite results as growth of high quality single crystalline binary oxide nanostructures 

was possible. All the important observations obtained during this thesis work are mentioned 

below. 
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6.1. Conclusion 
 

In this thesis, the effect of modification of growth techniques and parameters in tailoring 

size, shape, morphology, crystallinity, and homogeneity of binary oxide nanostructures has 

been provided. The main interest to standardize different synthesis techniques for the growth 

of vertically aligned 1D binary oxide nanostructures, 1D porous binary oxide nanostructure 

(mainly on WO3) and understand possible physics behind the growth dynamics have been 

achieved in this thesis. Further, this thesis establishes the tailoring of size, shape, 

morphology, and crystallinity of binary oxide nanostructures can tune the physical properties 

found in bulk counterpart of binary oxides (mainly WO3). The main observations found in 

this thesis work were as follows: 

 

(1) In chapter 2, detail growth of WO3 thin film and nanostructure using Pulse Laser 

Deposition (PLD) and the hydrothermal synthesis of TiO2 nanorods, has been 

provided. The growth parameter tuning and effect of tuning upon surface morphology 

and crystal structure has been performed using different characterization tools (XRD, 

SEM, and TEM). A brief detail of different instruments and techniques also has been 

provided for a better understanding of the characterization method. 

(2) In chapter 3, the interface physics and surface chemistry of binary oxide 

nanostructures (nanowires, nanorod) has been provided. The synthesis was done using 

PLD and hydrothermal route. Spatially resolved tools for developing the cross-

sectional sample have been utilized and analysis provides the information lies at the 

interface about growth dynamics. The X-TEM analysis provides information on the 

formation of the interfacial layer when laser energy increased above a certain value 

(>160mJ). This acts as a nucleation site to grow aligned 1D nanostructure array. The 

mechanism behind this growth has been proposed as preferential interface nucleation 

(PIN) growth mode. In surface chemistry analysis EELS technique shows the changes 

in the chemical state of nanorods due to growth in different substrates (FTO, 

Pt(111)/Si). The analysis also provides interesting information about the anisotropic 

growth of TiO2 nanorods and nanoflowers on Pt(111)/Si substrate due to crystal 

structure mismatch. 
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(3) In chapter 4, tuning the growth parameters for the WO3 thin film and nanostructure 

using pulsed laser deposition (PLD) technique and by changing the substrate, it is 

possible to modify the surface morphology of the film. The modified morphology 

helps us to tune the nature of photoresponse. The grown nanocrystalline film and 

needle-like structure film shows ON/OFF and Persistence photocurrent (PPC) in 

photoresponse property respectively, which has been observed for the first time. The 

increase in effective surface area in case of needle-like structure film helps to adsorb 

higher number of chemisorbed oxygen which prolongs the charge carrier 

recombination and PPC observed.  

 

(4) In chapter 5 the gas diffusion/transport property of binary oxide nanostructure of WO3 

has been observed. In this chapter we have coupled the high resolution laser 

spectroscopy tool to understand the gas transport through the porous nanostructures of 

binary oxides. The analysis in diffusion concentration using cavity-enhanced laser 

spectroscopy shows isotope selective diffusion of CO2 inside the nanostructure, 

i.e
12

CO2 diffuses through the nanostructure although no diffusion occurs for 
13

CO2. 

Thus, gas transport property gave us a new direction to control greenhouse gas 

emission by gas diffusion, a physical process, using 1D porous nanostructure grown 

by this controlled growth technique, which opens up an advanced phenomenon 

(isotopic fractionation). This is a new observation and till date, no reports are present 

in the diffusion property of binary oxides. The diffusion of gas increases with the 

increase in surface area of the nanostructure (higher in nanotubes then nanowires), has 

been noted. This mechanism has been proposed as physical process considering 

famous Knudsen diffusion where diffusion in nanostructures having pore diameter 

less than mean free path of gases depends inversely on the molecular mass of the gas. 

This diffusion property opens up new aspect for a different application of 1D porous 

nanostructure of binary oxides. 
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6.2. Scope for future works 
 

1. Vertically aligned nanowires of other binary oxides (e.g ZnO, TiO2) using PLD, 

different can be grown on different substrates to study role of interface and its effect 

on physical property. 

 

2. Morphology dependent physical property study like, electrical property and 

photoresponse property, in vacuum for binary oxide nanostructure can be performed 

in future scope to explore the modification of those properties. 

 

3. Photocatalytic property study of TiO2 nanorods arrays grown on FTO for solar cell 

application can be studied. 

 

4. Hydrothermal growth of binary oxide nanostructures with different morphology and 

crystal structures can be grown to study the effect of growth parameters. 

 

5. Isotope selective gas diffusion in 1D porous binary oxide nanostructure can be 

explore to develop application of these unique property in the field of isotopic 

fractionation, food adulteration, biomedical sciences etc. 

 

 



 

 

 

Appendix A 

 

 

Electric Double Layer Field Effect Transistor (EDL-FET) 

characteristic study of WO3 thin film  

 

In this appendix the Electric Double Layer (EDL) gate dependent Field effect transistor 

(FET) characteristics of WO3 nanocryatalline film grown by Pulse Laser Deposition (PLD) 

technique has been discussed. The response of the FET enhanced due to application of EDL 

gate voltage and at a threshold voltage of 1V the FET goes to its ON state. Presence of defect 

state in WO3 thin film may be helping the FET to enhance its conductivity due to application 

of gate bias using polymer electrolyte based EDL gate. Although intercalation property and 

the electrochromic effect of WO3 and gate dielectric in presence of gate voltage restrict the 

response due to non-reproducibility of FET characteristics. 
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A.1 Introduction 

 

In the earlier time Metal oxide FET were used for amplifying or switching signals which has 

a very low value for magnification. In recent few decades ionic liquid such as DEME-TFSI, 

DEME-BF4 or solid liquid (PEO-LiCl4, PEO-KCl4) were used as a gate dielectric material to 

modify or develop physical properties of binary oxides, functional materials etc. [1-4]. These 

ionic liquid or solid liquid forms Electric Double Layer (EDL) at the solid electrolyte surface 

which creates a large specific capacitance (≥ 1Fcm
2
), which in turns produces large charge 

density (≥10
13

cm
2
) even with a bias as low as 1V. Oxides have greater electron density 

compared to semiconductors, thus for conventional gate induced charge density is much less 

than the electron density. So there is no effect of dielectric based gate insulator on oxide 

channels. In case of electrolyte gate the induced charge order of magnitude is higher 

compared to conventional gate insulator (SiO2, SrTiO3 etc.) with same minimal bias (1V). So 

the electrical transport property in oxides may be controlled by electrolyte gates, as it 

strongly depends on charge carrier density. Controlling of the carrier density using 

electrolytes or ionic liquids results in very interesting properties like metal insulator transition 

[5], superconductivity [6], magnetism in nanoparticles [7] and EDL–Field Effect Transistor 

(FET) showing modified photoconductivity [4]. Those properties have been studied on 

different binary oxides ZnO, VO2 [4, 6, 8] and functional oxides such as SrTiO3, KTaO3, 

La0.75Sr0.25MnO3, NdNiO3, Ca1-xRxMnO3, LaMnO3 [2, 5, 7, 9-11]. 

In an EDL-FET electrolyte with mobile ions (cations and anaions) are filled in between two 

electrodes, which act as an EDL capacitor (Fig. A.1). In presence of external electric field 

double layers are formed between electrolytes and electrodes consisting of the space charge 

at electrode and ion space charge in the electrolyte. The external voltage charges the EDL-

FET, which causes the movement of cations and anaions to the surface of EDL. The 

absorption and desorption of ions during EDL-FET charging controls the operation for the 

same. Many theories had been proposed for the explanation of this phenomenon among them 

the Von Helmholtz, Gouy and Chapman model, Stern model were comprehensive. In Von 

Helmhotz model (Fig. A.2(a)) charged surface of the electrode adsorb opposite ions form 

electrolytes and the potential profile is linear inside the EDL. This is much more analogous to 

a dielectric capacitor separated by a distance H. Afterwards Gouy and Chapman proposed the 
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diffusion of ions inside electrolytes. The distribution of charges in ions is a function of 

distance from the metal surface and follows Maxwell-Boltzman statistics (Fig. A.2(b)). 

Figure A.1: Charging and discharging of EDL capacitor. Reprinted with permission © 2015, 

ACS Publication [12] 

 

Figure A.2 (a-c): Simplified illustration of the potential development in the area and in the 

further course of a Helmholtz double layer. Reprinted with permission © 2011, ACS 

Publication. Source, modified version ref. [13, 14] 

 

Thus the electric potential from the surface of the liquid decreases exponentially.  

Lastly the Stern model partially is in good agreement with Helmholtz model (Fig. A 2(c)). In 

this model Stern defined a layer named Stern Layer which is similar to Helmholtz plane or 

Layer. The distance between Stern Layer and the diffuse layer is proportional to the 

concentration of ions. The total EDL capacitance is a sum of Stern layer capacitance 

(𝐶𝑆
𝐻  𝑜𝑟 𝐶𝑆

𝑠𝑡) and Diffuse layer capacitance (𝐶𝑆
𝐷) in series. Helmholtz double layer specific 

capacitance is given by equation A.1 [12]: 

𝑪𝑺
𝑯 =  

𝜺𝟎𝜺𝒓

𝑯
…………………….(A.1) 
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Where 𝜀0, 𝜀𝑟 are free space and relative permittivity of electrolyte solution respectively and 

the diffused layer capacitance is as follows (equation A.2)  

𝑪𝑺
𝑫 =  

𝜺𝟎𝜺𝒓

𝝀𝑫
 (𝟏 + 

𝝀𝑫

𝑹𝟎
)…………………(A.2) 

D= Debye length for symmetric electrolytes, defined as D= (re
2
z

2
NAc∞


 where, 

KB= Boltzmann constant, NA= Avogadro’s number, c∞= molar concentration of ions. 

Then, 
𝜆𝐷

𝑅0
 ≪ 1 so equation A.2 reduces to 𝐶𝑆

𝐷 =  
𝜀0𝜀𝑟

𝜆𝐷
 and capacitance value is of the order of 

few F/cm
2
. 

In this appendix, electrical property of EDL-FET using Tungsten Oxide (WO3) channel has 

been analyzed. WO3 is a 5d
0
 indirect band gap semiconductor. It has been widely used 

material for electrochromic [15] and gas sensing applications [16-18]. The EDL-FET was 

fabricated on ZnO based nanostructures, single crystalline films and conductivity and 

photoconductivity measurement has been done thoroughly on those devices [4, 19]. Very 

recently a report on WO3 based EDL-FET has been reported, although the response was very 

low compared to EDL-FET on ZnO [20]. 

 

A.2 Fabrication of EDL-FET device on WO3 thin film 

 

The WO3 thin film has been deposited using PLD technique (discussed in chapter 2 Section 

2.2.2), keeping substrate (Quartz) temperature at 500
0
C. The laser fluence was kept at 2 

J/cm
2
. The oxygen pressure was 30 Pa, repetition rate and deposition time was 2Hz and 25 

minutes, respectively. A Metal musk of dimension (3mm X 1mm X 200nm) has been used to 

grow the thin film channel of that particular size and shape for the EDL-FET device 

fabrication. In Fig A.3(a) FESEM image shows that the film was nanocrystalline in nature. 

The device was fabricated using this channel. Thermal evaporation was performed to 

fabricate Chromium/Gold (Cr/Au) (10 nm/150nm) electrodes as electrical contact pads for 

drain (D) and source (S) contact on WO3 thin film. Fig. A.3 (b) shows schematic diagram of 

the EDL-FET device. Poly (methyl methacrylate) (PMMA) was used to isolate the EDL gate 

from the Cr/Au contact pads as it acts as an insulator. 
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Figure A.3: (a) FESEM image of WO3 thin film (b) Schematic diagram of the EDL-FET 

device on WO3 thin film. 

 

A.3 FET characteristics of EDL-FET on WO3 thin film 

 

The gate dependent transfer characteristic (i.e Drain source current (IdS) as a function of gate 

voltage (Vg) at constant drain to source voltage (Vds)) on nanocrystalline WO3 channel has 

been studied. The gate was formed using polymer-electrolyte which makes electric double 

layer gate on the film. EDL was fabricated on the film using mixture of Polyethylene oxide 

(PEO) and Lithium perchlorate (LiClO4) in 1:10 ratio in methyl alcohol. Fig. A.4 (a) shows 

the schematic diagram of the EDL-FET device with electrical contacts. The transfer 

characteristics (Fig. A.4(b)) has been measured with Vds= 5V, Vg= -3 to 6V and Vg= 6V to -

3V (reverse direction). The Ids increase with the increase in Vg till it saturates at 3.5V with a 

current value of 0.75A (Fig. A.4(b)). 

The application of positive gate voltage in the electrolyte induces negative charge in the n-

type WO3 channel, which enhances the majority carrier density. After reaching the threshold 

voltage (Vth = 1V) for the Vg the Ids obtain its ON condition. Fig. A.5(a) shows output 

characteristic (Ids-Vds) of the device at different Vg. Initially, with the increase in Vg the Ids 

increase. Ids reaches maximum value (1.2 A) at V= 2V is compared to 0.2A at Vg = 0V. It 

implies that the EDL gate plays an important role to affect the conductivity of the WO3 thin 

film channel. The drain current at higher Vg is not saturated although at lower Vg it was found 

to be saturating after 3-3.5V (Fig. A.5(a)). 
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Figure A.4: (a) Schematic diagram of EDL-FET characteristics measurement set up, (b) 

Transfer characteristics curve of WO3 EDL-FET device. 

 

The EDL FET characteristics response was obtained for 1-2 times on a single device and 

afterwards, a sudden drop to very low Ids in transfer characteristics curve has been observed 

(Fig. A.5(b)). 

 

Figure A.5: (a) Output characteristic of the EDL-FET on WO3 thin film channel, (b) Transfer 

characteristic curve of EDL-FET device showing sudden drop in the curve during 

measurement. 

 

To understand the reason behind it the device WO3 thin film channel was checked before and 

after the measurement in with digital camera optical zoom. It has been found that the WO3 

thin film with contact pad and without contact pad (Fig A.6(a, b)), after the measurement a 

the film was missing in between the contact pad (Fig. A.6 (c)) and found and no resistance 

across the channel. It suggests a reaction takes place during the measurement between EDL 

gate and the WO3 thin film. This has been confirmed form the earlier reports where 
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intercalation property of WO3 has been observed for electrochromic response [20-23]. Due 

this property WO3 produces Tungsten bronze (MWO3), where M = H
+
, Li

+
, Na

+
 K

+
. The 

typical reaction between EDL gate (LiClO4) and WO3 is as follows: 

WO3 + xLi
+
+ xe

 
         LixWO3 (Lithium tungstate) (x=0 to1). 

This electrochromic response of WO3 destroys the WO3 thin film and further no response was 

observed for that device. 

 

 

Figure A.6: Digital camera images of (a) WO3 film channel with electrical contact pads 

(Au/Cr) before measurement, (b) PLD grown WO3 Thin film channel and (c) Damaged WO3 

thin film channel with electrical contact pads after EDL-FET measurement. 

 

A.4 Conclusion 

EDL-FET characteristics have been investigated on WO3 thin film grown using PLD 

technique on Quartz substrate. Though there was a response and increase in Ids due to applied 

Vg but the intercalation property and electrochromic response of WO3 thin film restricted and 

finally destroyed the WO3 thin film producing LixWO3. Hence EDL-FET analyis on WO3 is 

not feasible with LiClO4 and PEO as gate dielectric. 
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