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ABSTRACT 
 

The research work in this dissertation comprises of synthesis and functionalization of high 

quality ZnO nanowires for highly sensitive and selective p-nitrophenol vapor sensor. High-

quality ZnO nanowires were synthesized through a vapor-liquid-solid process in a customized 

chemical vapor deposition furnace. Scanning electron microscopy, transmission electron 

microscopy, x-ray diffraction, and energy dispersive x-ray spectroscopy were used to 

characterize morphology, crystal structure and composition. Surface functionalization behavior 

of pristine ZnO nanowires was tested by oleic acid as a model compound and the surface 

modification was studied using surface sensitive techniques of Raman and FT-IR spectroscopies. 

Surface functionalization of ZnO nanowires with optically active 1-pyrenebutyric acid was 

investigated. A 1-pyrenebutyric acid compound was grafted on a solid-state ZnO nanowires 

backbone. Optical and electrical properties of this heterostructure were determined through 

fluorescence and I-V measurements, respectively. Two distinct approaches for device fabrication 

were tested for integrated system development and validation of sensor operation. A single 

nanowire device and a multi-nanowire array device were successfully fabricated. 
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CHAPTER 1 

INTRODUCTION 
 

1.1. Introduction 
 

Synthesis of nanostructured inorganic materials is one of the major research efforts in this 

century for a wide range of applications. One of the primary reasons for its prevalent research is 

because inorganic nanostructures are finding their way into biomedical, commercial electronics, 

and military sensor applications. Nanostructured inorganic materials have been researched over 

the years for their unique physical and chemical properties. These novel and unique 

characteristics stem primarily from their nanometer-size, resulting in quantum confinement of 

their wavefunctions. Due to their nanometer dimensions, these quasi-systems also manifest 

additional surface-related properties, which have led to opening new frontiers of research in 

sensing, energy, catalysis, photo-voltaics, and bio-nanotechnology [1-7]. Although nanomaterials 

are being utilized for a diverse range of applications, the scope of this discussion will be limited 

to nanomaterial-based sensors. Considerable research efforts have been dedicated to the 

development of nanomaterial-based sensors due to their highly tunable size- and shape-

dependent physical and chemical properties. In addition, manifestation of unique surface 

chemistry, thermal, and electrical properties, provide a favorable backbone to sensors for 

chemical, biological, and environmental applications [8-10]. These properties, in concomitance 

with a high surface-to-volume ratio, lead to significant improvement in the sensitivity and 

response time of sensors. Such attributes have led to increasing popularity of nanomaterial-based 
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sensors development in both industry and academia. During the last several years there has been 

proliferation of research in nanomaterials synthesis, morphology, and properties for their usage 

in many different sensors.  

 

1.2. Nanostructured sensors for chemo- and bio-sensing 

Nanostructured materials exhibit high potential for developing solutions to numerous 

technological problems. Specifically, the development and application of nanomaterials for 

sensing chemical and biological agents have been widely reported [11-15]. The unique surface-

related properties, with tunable size- and shape-dependent physical and chemical properties offer 

great potential for manipulating and improving sensing behavior. These characteristics have been 

demonstrated to improve sensitivity and response rate of sensors [16,17]. Matured synthesis 

techniques and morphological variety have provided enormous flexibility to develop application-

specific nanosensors. Therefore, these nanosensors have proven to be quite useful in areas such 

as environmental sensing, homeland security, vehicular emission control, industrial gas 

detection, and biomedical-sensing.  The following narrative highlights various chemo- and bio-

sensors that have been developed by the scientific community that use nanomaterials in different 

compositions, structure, and morphology. 

Metal and metal oxide nanoparticles (NPs), such as gold (Au), silver (Ag), and iron oxide 

(Fe2O3) have been utilized for developing myriad chemical and bio-analytical devices. Pertaining 

to their unique optical and magnetic properties that stem from their nanometer size, they have 

been of great value for fabricating sensor platforms to detect various analytes of importance. 

Usually, these NPs are coated with specific organic or biological antigens to attract and detect 

targeted chemical or biological moieties. For example, thiol functionalized Au-NPs have been 
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utilized to fabricate polynucleotide and DNA sensing [18,19]. Nam et al. recently reported 

picomolar detection of antigens associated with Alzheimer’s disease using functionalized Fe2O3 

and Ag NPs [20].  

Li et al. utilized Co3O4 nanotubes for detecting H2 gas with high sensitivity up to ppm 

levels [21]. The change in resistance resulting from adsorption and desorption of gas molecules 

from nanotube surfaces was reported as the dominant sensing mechanism. It was also observed 

that the enhanced population of active sites, provided by the hollow nanostructure, enabled 

increased permeation of H2 molecules, thereby improving the sensing characteristics manifold. 

Similarly, Yuan et al. investigated ordered platinum nanotube array electrodes to detect glucose 

in the linear range of 2-14 mM regime [22]. The nanotube arrays were shown to be highly stable, 

both chemically and mechanically, leading to a promising alternative for developing glucose 

monitors.  

Wang et al. reported thick film sensors based on ZnO nanorods [23]. Nanorods were 

mixed with poly vinyl alcohol to form a paste that was coated onto an aluminum oxide (Al2O3) 

tube with electrical contacts at its extremities. At the operating temperature of 100-500°C a 

sensitivity of 1 ppm towards ethyl alcohol was reported. They concluded that the mechanism of 

sensing was strongly dependent on the amount of active surface sites for oxygen and 

concentration of reducing gases on the nanorod surfaces. Au nanorods were utilized by Sudeep et 

al. to develop cysteine molecule sensors with reported sensitivity of 3µM [24]. Interplasmon 

coupling in Au nanorods was demonstrated to be the dominant sensing mechanism.   

Up until this point, the focus of the dissertation was on nanoparticle or nanorod based 

sensors for chemical and biological analyte detection. However, seemingly complex structures, 

such as nanobelts, have also been used for different sensing applications. The main focus of 
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nanobelt-based sensor development has been on metal oxide systems, such as ZnO, tin dioxide 

(SnO2), and divanadium pentaoxide (V2O5). Law et al. reported SnO2 nanoribbons-based 

photochemical sensors for detecting nitrogen dioxide (NO2) molecules [25]. It was reported that 

intrinsic photoluminescence of SnO2 nanobelts was efficiently and reversibly quenched upon 

exposure to NO2 molecules. A detection limit of 5-10 ppm was obtained. Liu et al. reported 

V2O5 nanobelt sensors for stable and selective detection of ethanol vapors on the order of 10 ppm 

with recovery times up to 50 seconds [26]. Arnold et al. demonstrated the potential of ZnO 

nanobelt-based FETs for oxygen sensing [27].  

Previous empirical evidence establishes a breadth of nanomaterials and their 

morphologies for chemical and biological sensor development. Hence, the preceding section 

highlighted several important systems to develop an appreciation for nanomaterial-based sensors. 

The following discussion will be focusing specifically on metal oxide nanowire-based sensors. 

This will help to provide the much-required perspective towards ZnO nanowire-based sensors for 

complex molecule detection. 

Metal oxide nanowire systems are an important class of nanomaterials for sensing a wide 

spectrum of chemical and biological moieties [28]. They are regarded as an important class of 

materials for sensor development due to the flexibility they offer in terms of carrier modulation 

and control. Specifically, the electrical characteristics of transition metal oxides can be 

manipulated through doping or external functionalization, which ultimately aids in improving 

sensitivity and detection limits in differential resistive sensors. The surface structure of these 

nanostructured oxides is also conducive to adsorption/desorption-based modes of sensing. For 

example, Li et al. demonstrated the use of single indium oxide (In2O3) nanowires to detect NO2 

and ammonia (NH3) under room temperature conditions [29]. Lowest detectable concentrations 
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of up to 0.5 ppm for NO2 and 0.02% (by mass) for NH3 were reported. They purported a sensing 

mechanism dependent on doping of the single In2O3 nanowire. They suggested that, upon 

exposure to NO2 or NH3, the oxygen vacancy concentration on the nanowire surfaces was 

modified due to doping from these electron-deficient and electron-rich molecules. This resulted 

in modulation of conductance in the nanowire device due to the exchange of electrons between 

the Fermi levels of the analytes and the nanowire. Based on a similar concept, Zhou et al. 

demonstrated a NO2 gas sensor with multiple and single In2O3 nanowire transistor devices [30]. 

Detection limits of no less than 60 ppb were reported under room temperature conditions. Figure 

1 shows the multi-nanowire device arrangement that was used to detect the NO2 gas with such 

high sensitivity. As evident from the schematic rendering of the multi-nanowire device and the 

corresponding SEM image of the actual device, the junctions formed between the nanowires are 

crucial for sensing behavior exhibited by the system. 

 

Figure 1. (Left) Schematic representation of a multiwire device. (Right) Corresponding 

SEM image of the as-fabricated multiwire devices [30]. 

 

The origin of such high sensitivity has been attributed to the prominent depletion of electron 

flow across nanowire intersections in presence of NO2 molecules. This useful deduction about 
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utilization of electron depletion phenomenon in nanomaterials will be used to explicate the 

mechanism of the ZnO nanowire-based sensor developed in this research. 

 Among the numerous metal oxide nanomaterial systems, ZnO nanowires have been utilized 

continuously in different morphologies and topologies to fabricate sensitive detection systems 

for simple analytes, NH3 and NO2. Some available works by other researchers in ZnO nanowires 

are described in the following. Wang et al. utilized single ZnO nanowire sensors, fabricated with 

MEMS technology, for detecting ppm levels of ethanol vapors at 300°C [31]. Similarly, Fan et 

al. developed a ZnO nanowire field-effect sensor to detect NO2 and NH3 [32]. They observed 

that the gate potential was related to the device sensitivity. In addition, desorption of the analyte 

molecules from nanowire surfaces was facilitated by applying a large negative gate bias. This 

provides an additional pathway for refreshing ZnO nanowire-based sensors. In contrast, Yang et 

al. used UV properties of ZnO nanowires for developing chemical gas sensors [33].  

 The above discussion focused on the potential of various nanomaterials for developing 

chemical gas sensors in different morphologies and topologies. However, this dissertation would 

investigate ZnO nanowires for sensor fabrication. In particular, this dissertation focuses on using 

zinc oxide (ZnO) nanowires for a chemical gas sensor development. Comprehensive evaluation 

of electrical, chemical, and optical properties of ZnO nanowires pertaining to gas sensor 

development are presented in subsequent sections. However, for contextual clarity, significant 

advantages of ZnO nanowire-based gas sensors can be summarized as follows: (i) favorable 

surface structure for chemical functionalization that facilitates sensor development for a broad 

spectrum of analytes through appropriate surface chemistry, (ii) enhanced carrier transport 

through nanowire substrata resulting in amplified response to optical/electrical stimulus, and (iii) 

higher stability and crystallinity of the semiconducting oxide than multi-granular oxides that 
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results in improved sensor stability. Therefore, the next chapter will highlight the material 

properties of ZnO nanowires for developing sensitive opto-electronic chemical gas sensor. 
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CHAPTER 2 

MATERIAL PROPERTIES OF ZINC OXIDE NANOWIRES  

2.1. Material Characteristics of ZnO 

For the research presented in this dissertation, ZnO nanowires were selected for 

developing nanosensors to detect vapors of a nitroaromatic gas. The advantages include high 

temperature stability, favorable surface structure for chemical functionalization, intrinsic n-type 

semiconducting behavior, cost-effective synthesis techniques, and controlled growth methods. 

These advantages provide lower cost and high sensitivity compared to other nanomaterial-based 

platforms. Furthermore, the polar nature of ZnO and their ability to maintain a high symmetry c-

axis orientation during growth has facilitated the growth of densely packaged nanowire arrays, 

which are promising candidates for fabricating non-linear optical sensing devices. In addition, a 

symmetry is lost in the band structure on ZnO nanowire surfaces. This loss is believed to 

enhance the non-linear optical response of these nanowires as compared to bulk.  

The following sections will describe mechanical, optical, and electrical properties of ZnO 

nanowires in detail to substantiate the choice of ZnO nanowires as the substrata for developing a 

hybrid opto-electronic sensing platform. 

 

2.1.1. Mechanical properties  

 ZnO has a hexagonal wurtzite crystal structure with lattice parameters c= 0.512 nm and 

a= 0.325 nm [34]. The structure comprises alternating layers of Zn+2 and O-2 atoms, where each 
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atom on a layer is bonded to its neighbor in a tetrahedral arrangement. This leads to a non-

symmetric geometry that renders the structure spontaneously polarized, which has been proven 

to be the source of piezoelectricity in the material [34]. Furthermore, this spontaneous 

polarization oriented along the basal planes aids in chemical functionalization processes along 

remaining planes in different crystallographic directions. 

These properties offer significant potential in terms of sensor development, as will be 

examined later. In addition, the high melting point of ZnO (~1975°C) and an implicit oxidation 

resistance, make it a suitable material for making devices capable of withstanding harsh 

environments akin to those found under exo-laboratory conditions.  

 

2.1.2. Optical properties  

ZnO is a II-VI semiconductor with a wide direct band gap of 3.7 eV and exciton binding 

energy as high as 60 meV [34]. High binding energy ascertains efficient exciton emission at low 

excitation energies in room temperature. This is a significant property of ZnO for numerous 

room temperature applications, including sensors, photovoltaics, and lasers. In particular, 

nanostructured ZnO demonstrates additional advantages in terms of longer lifetimes of excitons 

as compared to ZnO thin films or bulk structure [35]. This unique property stems from the 

substantial density of states at the band edges and enhanced radiative recombination due to their 

nanostructure. However, to completely utilize the optical properties of nanostructured ZnO, 

different morphologies, such as nanowires, nanorods, and nanobelts, must be subjected to post-

synthesis procedures to achieve a desired functionality. It will be observed in forthcoming 

sections that the aforementioned optical properties of nanostructured ZnO would be of immense 
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advantage for fabricating the ZnO nanowire sensor for detecting complex aromatic gas 

molecules.  

 

2.1.3. Electrical properties 

To utilize ZnO nanowires for a potential sensor application, it is imperative that the 

fundamental electrical characteristics of the nanowires are explicitly understood. Intrinsic ZnO 

nanowires exhibit n-type behavior, which is responsible for their enhanced conductivity [36]. 

This stems from the native defects, such as oxygen vacancies and interstitials. To quantify the 

electrical properties, such as conductivity, mobility, and carrier concentration, of a single ZnO 

nanowire, a nanowire in FET (field-effect transistor) mode is used. As for fabrication, a highly 

doped silicon substrate with a typical dielectric thickness of 100-200 nm is used. Carrier 

concentration in a single nanowire is estimated by using total charge from the relation, [37] 

                                                                   Q =CVth                                                                        (1) 

where C is the nanowire capacitance while Vth being the threshold voltage required for depletion. 

The following relation is used to determine the nanowire capacitance,  

                                                       C ≈ (2πεεoL)/ln (2h/r)                                                             (2) 

where L = length of the nanowire, r = radius of the nanowire, and h = dielectric thickness.  

 To estimate carrier mobility in the nanowire, transconductance of FET can be utilized with the 

following equation,  

                                                       dI/dVg = µ(C/L2)Vds                                                                (3) 

where Vds and µ are the drain-source voltage and charge mobility respectively. A typical I-V 

curve of a single ZnO nanowire device is shown in figure 2.  
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Figure 2. Typical I-V curve of a single ZnO nanowire device [37]. 

 

The uniqueness of these ZnO nanowires, however, lies in the capability to tune these electrical 

properties through surface chemistry. There exists a wide range of chemical functionalizations 

that have been utilized to modulate the carrier concentration in ZnO nanowires for a particular 

application.  

We will describe in forthcoming sections that how surface chemistry through appropriate 

chemical functionalization allows for tailoring the nanowire surface to leverage the intrinsic 

optical and electrical properties for specific applications ranging from photodiodes, lasers, and 

bioluminescent detectors for in-vivo imaging, especially sensors [38-41].  

  

2.2. Objectives of the dissertation 

As mentioned before, ZnO nanostructures have been used for various applications 

ranging from photovoltaics, solar energy harvesting, and catalysis. In addition, they have been 

demonstrated as excellent candidates for chemical gas sensor applications due to their superior 

optical and electrical properties at the nanoscale. However, studies on quasi-one dimensional 

ZnO nanostructures, such as nanowires and nanorods, have been scarce, and therefore their full 
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potential for sensor fabrication was realized quite late. Initially, this was primarily due to lack of 

feasible synthesis techniques, which necessitated use of complex lithographic processes for their 

fabrication [42]. In the recent decade, however, cost-effective and simple bottom-up approaches 

have been developed for the synthesis of ZnO nanowires, allowing controlled synthesis by 

modulating different processing parameters. These include vapor-liquid-solid (VLS) [43], solid-

liquid-solid (SLS) [44], hydrothermal [45], and thermal evaporation [46] growth methodologies. 

VLS methodology is relatively simple to implement and has the capability to produce high 

quality nanowires in bulk. This has greatly facilitated the use of ZnO nanowires and nanorods for 

chemical gas sensor fabrication.  At this juncture it is befitting to revisit the advantages of using 

ZnO nanowires as sensing elements. First, as mentioned above, the rapid progress made in 

controlled synthesis methods of ZnO nanowires has made them a cost-effective choice for 

developing sensor platforms. Second, the ZnO nanowire surface is resistant to oxidation due to 

inherent oxide structure of the material, which provides robustness and high chemical stability. 

Third, the surface of nanowire can be tailored for high selectivity towards specific analytes 

through surface functionalization techniques. Finally, the nanowires in array morphology are 

capable of providing high permeability for analyte molecules, which enhances sensitivity. 

Furthermore, the diameter of these nanowires is comparable to the large organic molecules being 

detected, which effectively makes them an excellent transducer for producing signals to interface 

with macroscopic instruments. Owing to such advantages, a wide spectrum of sensor devices 

based on ZnO nanowires have been reported.  

Chen et al. used a non-functionalized ZnO nanowire transistor structure to detect TNT 

down to the concentration of 60 ppb [47]. The mode of operation was purely amperometric and 

relied on modulating surface defect concentration of oxygen ions through an electron-deficient 
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NO2 group. However, it can be seen that such a device lacks selectivity, as any potential analyte 

with a NO2 group would produce a similar response thereby making a distinction amongst 

various nitroaromatic analytes quite difficult. Similarly, Kakati et al. used indium antimonite 

(InSb) modified ZnO nanorods to fabricate an amperometric sensor for detecting acetone vapors 

at 300°C [17]. The reported minimum sensitivity was 500 ppm and the detection mechanism was 

similar to the work of Chen et al., as mentioned earlier. Nápravník et al. reported tolune, acetone, 

and hydrogen gas sensor based on ZnO layers and concluded that in the presence of UV light, 

behavior of the sensor was improved at the operating temperature of 250°C [48]. Although, ZnO 

nanowires were not used in their study and the detected concentration was quite large (~10,000 

ppm), an important piece of information about a prospective sensor design can be gathered. Their 

study allowed us to conjecture and subsequently observe that the optical stimulus together with a 

conventional amperometric design yields a better sensor design. Similarly, Choi et al. 

demonstrated utilization of a single ZnO nanowire sensor that was biotin-functionalized and was 

able to detect streptavidin in nM concentrations [49]. Through mutually independent 

measurements, they observed changes in fluorescent characteristics of the sensor and its 

electrical behavior. While they used data from amperometric measurements to deduce sensitivity 

and mechanism of operation, fluorescent measurements were used to provide supplementary 

evidence to their proposed hypothesis. In addition to aforementioned reports, numerous other 

works suggest that concomitant utilization of functionalized ZnO nanowires with a fluorescent 

receptor could result in a highly sensitive and selective detection platform for p-nitrophenol 

vapors. Zhu et al. used Poly-(phenylene ethynylene)(PPE)- coated ZnO nanorods for TNT 

detection [50]. In this work, ZnO nanorods were used as evanescent waveguides, which resulted 

in an enhanced fluorescent response (quenching) in the presence of saturated TNT vapors. Figure 
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3(a) demonstrates the absorption and fluorescent behavior of pristine and PPE-coated ZnO 

nanowires along with pure PPE. The sensing behavior based on fluorescence quenching is 

subsequently reported in figure 3(b) for 3 types of sensor devices S0, S1, and S2.  

 

Figure 3. (a) Absorption and fluorescence spectra of ZnO nanorod arrays (D1 and D2), 

PPE coated ZnO nanorod arrays (S1 and S2), and PPE films (S0) deposited on quartz plate. (b) 

Time dependence of fluorescence intensity at 460 nm of sensors (S0, S1, and S2) excited with 

400 nm light in clean air or upon exposure to TNT saturated vapor [50]. 

 

 Based on aforementioned discussions and insights it was clear that among various 

available analytical techniques for nitroaromatic sensing, fluorescence-based methods would 

offer the greatest benefits. Fluorescence-based methods demonstrate enhanced sensitivity in 

contrast to absorption-based methods, as the fluorescence power, which is a function of 

concentration, is dependent on the source power. Therefore, increasing the source power implies 
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enhanced sensitivity of detection [51]. Given the recent advances in tunable laser diodes and 

other cheaper laser sources and detectors, the cost of assembling a fluorescence-based sensor has 

decreased significantly. Low cost of assembly also favors the possibility of field deployment as 

these sources and detectors can be easily incorporated into a portable device. Given the 

capability of fluorescence-based methods for detecting these nitroaromatics, it is rather 

unfortunate that most of the hazardous nitroaromatics are not inherently fluorescent. Despite 

their aromatic molecular structure and highly efficient radiative recombination pathways, the 

strong electron-withdrawing nitro groups tend to suppress their fluorescence, making the direct 

fluorescence-based detection challenging. This lack of inherent fluorescence notwithstanding, 

numerous techniques, both direct and indirect, have been investigated in recent years for 

nitroaromatic detection. Direct luminescence-based methods, such as high-energy excitation 

methods including gamma resonance technology, involve excitation with a high-power 

excitation source [52]. This increases the inherent fluorescence of these hazardous nitroaromatics 

manifolds, which can then be detected easily with the help of conventional detectors. Other 

direct methods involve reaction of these nitroaromatics, resulting in the decomposition or the 

formation of fluorescent products [53]. Decomposition products are detected through 

fluorescence emission following excitation from a deep UV light source. The point to be noted is 

that in all these direct methods, the nitroaromatic compound serves as a source of fluorescence. 

In contrast to direct methods of detection of these nitroaromatics, indirect fluorescence 

approaches, such as quenching of solution-phase, immobilized- or solid-state fluorophores, are 

the more cost-effective and sensitive alternatives. In these methods, the nitroaromatic analyte 

does not participate in the fluorescence process. Instead, it affects the fluorescence behavior of 

another compound (receptor). In fluorescence quenching, the analyte molecule reduces the 
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fluorescence power of the receptor molecule through collisional interactions or formation of a 

ground-state complex. Excited-state complex formation is also possible and is often more 

sensitive and reversible. Given the sensitivity of these fluorescence quenching techniques, both 

solid- and solution-phase quenching methods have been investigated extensively [54-56].  

Until now, we have highlighted the importance of using fluorescence-based methods for 

sensing nitroaromatic analytes concomitant with establishing the fact that ZnO nanowires are an 

excellent choice for a sensing platform development. High surface-to-volume ratio in addition to 

their ability to become easily sensitized due to a favorable surface structure renders them 

extremely useful. However, the most crucial aspect in the development of fluorescence-based 

sensors, as accomplished through this research, is the identification and functionalization of an 

appropriate fluorophore for detecting a nitroaromatic analyte. It is necessary to ensure that the 

selected fluorophore acts as a specific receptor with sufficient sensitivity and selectivity. 

Furthermore, it must be capable of chemically binding with the ZnO nanowire backbone without 

undergoing any drastic changes in its inherent chemical structure or fluorescent behavior.  

Pertinent to such challenges, a wide variety of receptor compounds, both organic and 

inorganic, have been investigated in solution-phase for detecting specific nitroaromatics via 

fluorescence quenching. Bock et al. investigated quenching behavior of ruthenium tris-bipyridine 

( Ru(bpy)32+ ) by nitroaromatic compounds in acetonitrile using a standard fluorimeter [57]. 

Quenching rate constants of 109-1010 M-1s-1 were reported for the nitroaromatic quenchers. 

Although the focus of this early work was the measurement of excited-state redox potential of 

Ru(bpy)3
2+ , it clearly demonstrated the potential of this fluorophore for detecting nitroaromatic 

compounds. Recently, Glazier et al. expanded the work of Bock et al. by incorporating Ru(bpy)32+  

into polyamidoamine (PAMAM) dendrimers and utilizing them to detect specific nitroaromatic 
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compounds through fluorescence quenching [58]. Inorganic fluorophores are possible candidates 

for being suitable receptors to detect nitroaromatic compounds. However, they are plagued with 

issues, such as low quantum yield, and are difficult to integrate into systems to be used for field 

detection. For this reason, solution-phase quenching of organic fluorophores has also been 

investigated in great detail. Goodpaster et al. [59] reported that the nitroaromatic compounds are 

effective quenchers of pyrene fluorescence with quenching rate constants of 3×1010 M-1s-1. This 

was shown to be happening as a result of the stable charge transfer complex formation of the 

nitroaromatic molecule with pyrene. Quenching of pyrene by nitroaromatics, coupled with liquid 

chromatography (LC), has yielded detection limits down to 14 nM. Figure 4 shows the molecular 

structure of pyrene along with one of its derivative 1-pyrenebutyric acid, which is utilized for 

ZnO nanowire sensitization in forthcoming sections for sensor fabrication.  

 

Figure 4. Molecular structure of (a) pyrene, and (b) 1-pyrenebutyric acid [59]. 

 

In another recent study, Chen et al. demonstrated the capability of pyrene-functionalized 

ruthenium nanoparticles as effective chemosensors for nitroaromatic derivatives [60]. The 
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detection methodology was based on the dynamic quenching of fluorescence from pyrene 

moieties in presence of nitroaromatic compounds. Quenching constants up to 104 M-1 were 

reported. They also observed that a sensitivity enhancement is possible if fluorophores have been 

chemically functionalized on nanoparticle surface in contrast to their existence in monomeric 

forms. Close proximity of pyrene moieties on the nanoparticle surfaces leading to enhanced 

effective collisions was purported as the reason for this behavior. Similarly, Zhang and 

Galoppini reviewed the application of organic fluorophores, including pyrene, sensitized on 

different metal oxide nanoparticle films, for dye sensitized solar cells [61]. It was established 

through an extensive review of the literature that the majority of studies conducted in the field of 

metal oxide-organic fluorophore systems have been focused on either films or colloidal 

solutions. Therefore, one new area, where these fluorophore compounds can be useful, pertains 

to their concurrent use with highly organized semiconductor morphologies, especially nail-bed 

structures (e.g. nanowires, nanotubes of ZnO or TiO2). Enhanced excimer fluorescence 

quenching of a derivatized ester of 1-pyrenebutyric acid (PBA) was reported by Bai et al. [62]. 

They synthesized films of the ester followed by a sensing performance evaluation of these films. 

Vapors of nitroaromatic compounds were found to efficiently quench the fluorescence from 

sensing films resulting in good sensitivity. It was also claimed to be one of the fastest thin film 

sensors for TNT detection with 60% quenching of the films in 10 seconds. Additionally, they 

repeated the same experiment with PBA films and found that the fluorescence quenching of 

these films did not yield comparable results to the derivatized ester sensing films. They, 

however, noted that the response time and sensitivity could be increased manifold by utilizing a 

more open structure that would facilitate enhanced analyte-PBA interaction.  
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The empirical evidence presented above clearly suggested that pyrene-based derivatives 

are an excellent choice for fabricating nitroaromatic sensors. Almost all of these studies, 

however, focused either on a solution-based or a film-based morphology and the sensing 

parameters have been inclined towards investigating the analytical aspects of these fluorophores. 

Furthermore, MO-pyrene systems have been studied before, mainly for fundamental and 

spectroscopic purposes, despite demonstrating a great potential for nitroaromatic sensing [63,63]. 

Hence, the research presented in this dissertation aims to bridge the gap that exists between use 

of this capable (ZnO nanowires/pyrene)-based system in the laboratory and its utilization as 

effective p-nitrophenol gas sensors under ambient, field conditions.   

Considering the literature already available and the new avenues to make current sensor 

technology more sensitive and selective, this dissertation provides the following hypotheses. 

1. Nanowires grown through high temperature AP-CVD process exhibit high quality for 

nanosensor fabrication. 

2. High quality nanowires can be functionalized with a receptor carrying carboxylic acid moiety. 

3. Nanowires can be chemically functionalized optically active receptor (Pyrenebutyric acid) 

(PBA). 

4. PBA (receptor) serves as an optically active receptor in both, solid- and liquid-phase for p-

nitrophenol (analyte). 

5. Multi-NW array device is a much better alternative for nanosensor fabrication as compared to 

single nanowire device. 

6. PBA/ZnO multi-NW array device detect p-nitrophenol vapors under ambient conditions with 

an opto-electronic mechanism. 
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Furthermore, integration of these nanowire devices into an unmanned platform for a test analyte 

(carbon dioxide) is also reported. The associated electronics was developed with the help of 

another student and is included in the dissertation for completeness. It serves to report the ease of 

developing a complete unmanned ZnO nanowire-based sensing platform with wireless 

communication capability. 

Numerous efforts for synthesizing ZnO nanowires with varied dimensions have been 

reported in the literature [8,9].  However, most of these techniques require hours of processing 

time concurrent with low growth rate. In addition, they focus on reporting just synthesis 

methodologies or investigate fundamental behavior and physical properties of ZnO nanowires. 

For this dissertation, it was required to synthesize high quality ZnO nanowires with carefully 

tuned optical properties in order to ensure expected sensor behavior. Nanowires with low oxygen 

defect concentrations are desirable for minimizing carrier collisions and optimal transduction of 

the opto-electronic signals. Hence, a VLS-based approach was used, which is explicated in the 

following chapter.    

Functionalization studies of ZnO nanowires with an aliphatic carboxylic compound was 

reported and the deductions were extended to synthesize receptor-functionalized ZnO nanowires. 

Two different aromatic receptors were utilized and based on their surface chemistry and ability 

to detect nitroaromatics, a final receptor was chosen. Subsequently, the nanowire devices were 

subjected to I-V testing and finally, opto-electronic sensing of saturated p-nitrophenol vapors 

under ambient conditions was demonstrated. The sensor under concurrent optical and electrical 

stimuli exhibited an amperomeric detection limit down to 15 nM concentrations. The integration 

of a pristine nanowire sensor device with the back-end electronics on an unmanned vehicle was 

tested for CO2 detection. After successful operation, it was posited that the receptor-
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functionalized ZnO nanowire sensors for p-nitrophenol detection could be similarly integrated 

for a remote operation using the same electronics.  

Successful proof-of-concept, as demonstrated, will allow for a platform-independent 

approach for developing nitroaromatic sensors by utilizing interdisciplinary techniques for sensor 

fabrication and operation. It will also aid in development of more robust sensing platforms 

capable of detecting multiple analytes. A concept for the same, based on MEMS and ZnO 

nanowire sensors, is discussed in the final chapter of this dissertation.  

 

2.3. Outline of dissertation 

The prime objectives of this research were outlined by the United States Army, where 

stringent requirements for sensitive and selective detection platforms are necessary to identify 

explosive chemical vapors. Through the research conducted in this dissertation the Army would 

benefit in terms of a generic and novel sensor platform, which can be utilized to sense 

nitroaromatic gases that have really low vapor pressures and are hard to detect selectively with 

conventional methods under field conditions. Nitrophenols and their derivatives constitute a class 

of such nitroaromatic compounds (NACs) [65]. In general, this necessitates the development of 

ultra-sensitive detection platforms with a high degree of selectivity towards these NACs.  

Current state-of-the-art methods use trained canines, film-based fluorescent sensors, gas 

chromatography, UV absorbance, infrared spectroscopy, and mass spectroscopy for detecting 

nitroaromatics in low ppm concentrations [66-69]. However, these methods are highly labor 

intensive, cumbersome, and expensive for detecting low vapor pressure nitroaromatics. This 

limits their portability and ease-of-use under conditions where the soldier safety is of paramount 

importance. A promising approach for highly sensitive detection at ppb levels incorporates 
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utilization of fluorescence quenching under controlled laboratory conditions [70]. Although 

amplifying fluorescent polymers (AFPs) are already being used in the field, their sensitivity is 

limited due to their inherent film-based design and specific molecular structures of the AFPs. 

This limits the surface sites available for polymer-analyte interaction leading to a less efficient 

quenching process. As an example, a commercial sensing system, marketed as Fido® and 

employed by various defense entities reports detection of explosive vapors with 20% 

fluorescence quenching [71]. The ZnO nanosensor developed as a part of this dissertation 

produces comparable results to this state-of-the-art system and is much more cost-effective to 

produce and operate in its present form. It has also been reported that the low permeability of 

analytes in thin films, weak binding strength of analytes, and energy migration between 

polymers, such as AFPs, restricts the sensing capability of these fluorescent sensors. Therefore, 

further advances in non-destructive presumptive detection methods for detecting nitroaromatics 

in the field are necessitated. This will overcome the disadvantages of aforementioned techniques 

and will serve to improve the current technology.  

Hence, in this dissertation, synthesis, mechanism, and functionalization of single 

crystalline ZnO nanowires is reported. These nanowires were then used to develop a novel 

heterostructure for detecting p-nitrophenol vapors. The choice of p-nitrophenol as the 

nitroaromatic analyte of interest was based on two factors. First, the actual nitroaromatic 

compounds, such as TNT (2,4,6-trinitrotolune) or picric acid, could not be used for 

experimentation in our laboratory. Second, a p-nitrophenol molecule possesses a great structural 

similarity to picric acid in terms of electron-deficient benzene ring and nitro-groups 

characteristic to explosive nitroaromatics.  This allows for close mimicking of the actual picric 

acid behavior in terms of molecular structure and physical properties, such as low vapor 



 

23 
 

pressure. The functionalization behavior of the synthesized nanowires was tested with an organic 

and optically active receptor, 1-pyrenebutyric acid (PBA). The plausible mechanism of detection 

in terms of electron transfer between the analyte and the nanowire heterostructure is discussed. 

Subsequently, the capability of the developed heterostructure in terms of detecting trace amounts 

of p-nitrophenol vapors, down to 15 nM under ambient conditions, is demonstrated. 

Furthermore, a generic approach for sensor integration into a complete system and its 

demonstration with a carbon dioxide sensor chip is also exhibited. This includes the use of 

pristine ZnO nanowire device at 150 °C and the seamless integration of the sensor with back-end 

electronics to produce a complete sensing platform in form of an unmanned vehicle. It is to be 

noted that the author did not develop the electronics and remote interface presented as part of the 

discussion; however, they were used in concomitance with the nanowire sensor for a sponsor 

demo. More specifically, it highlights the capability of the developed p-nitrophenol nanosensor 

towards easy and cost-effective integration into unmanned detection platforms for large-scale 

production.  
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CHAPTER 3 

SYNTHESIS METHOD OF PRISTINE ZINC OXIDE NANOWIRES  

3.1. Introduction 

 The realization of high quality zinc oxide nanowires is extremely important to fabricate 

nanosensors. Numerous synthesis methods have been demonstrated for high quality ZnO 

nanowire synthesis [44,45,46,72,73]. These include vapor phase deposition techniques, such as 

chemical vapor deposition (CVD), thermal evaporation, metal-organic vapor phase epitaxy 

(MOVPE), and pulsed laser ablation. While these methods exhibit high growth rates, the 

required temperatures for growth are high. In contrast low temperature aqueous and 

hydrothermal methods require hours of processing time and hinder their efficient utilization for 

fabricating nanodevices. The solution-based methods are advantageous in terms of lower cost 

and less complexity; however, the synthesized nanowires exhibit significant variation in the 

physical properties, mainly optical and electrical. It has been previously reported that ZnO 

nanowires grown through low temperature solution-based methods exhibit a higher degree of 

vacancy-related defects, which alters their optical properties [74]. However, for robust and 

homogenous nanodevice performance, it is critical that the physical properties of nanowires 

synthesized are carefully controlled.   

 This chapter will explicate the rationale behind selecting a high temperature chemical 

vapor deposition process for ZnO nanowire synthesis. As mentioned earlier that the growth 

process is critical to the physical and chemical state of the nanowires for device fabrication, a 
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detailed discussion of the VLS process along with mechanism and appropriate characterization 

studies will be reported. Finally, patterned nanowire growth is presented to infer a suitable ZnO 

nanowire device topology.  

 

3.2. VLS mechanism for one-dimensional ZnO nanowire growth 

 Wagner et al. first reported the VLS mechanism for nanowire growth for synthesizing Si 

nanowhiskers in 1964 [75]. Since then, it has been a mainstay growth mechanism for 

synthesizing nanowires for numerous elements or metal oxide compounds in conjunction with 

the chemical vapor deposition technique. For ZnO nanowire synthesis, a template-assisted VLS 

process is used. Figure 5 illustrates the formation of vertically oriented ZnO nanowires from a 

gold (Au) template deposited on a substrate. When such a substrate is subjected to a high 

temperature of the order of 900-980°C, the thin Au layer deposited transforms to nanometer size 

Au droplets. The thickness of the template layer along with the thermodynamic considerations 

determines the size of Au droplets. After the substrate is covered with Au islands and the 

temperature is increased further, these Au droplets become a preferential site of Zn 

incorporation, which is generated as a result of the following chemical reactions; 

                     ZnO(s) +C(s) → Zn(g) +CO(g)           ΔG=  -1.67 kJ/mol             (4) 

                                                   Zn(g) +O2(g) →CO(g) + ZnO(s)               ΔG=  -220 kJ/mol              (5) 

For contextual clarity, it is noted that the source of Zn vapors, as a result of this carbothermal 

reduction, is the equi-weight mixture of graphite and ZnO precursor powders kept upstream from 

the substrate, under a constant carrier gas flow.   
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Figure 5. VLS process for ZnO nanowire growth along with SEM image of the growth front. 

 

The incorporation of Zn atoms into Au droplets takes place as a result of either direct 

impingement or through surface diffusion on the substrate. Subsequently, Zn atoms rapidly 

diffuse into these Au clusters resulting in the formation of Au-Zn eutectic alloy. With increasing 

amounts of Zn dissolving into these clusters, there comes a point where the thermodynamic 

condition for a stable Au/Zn nucleus formation is met. Beyond this point, the droplets are 

believed to achieve a state of supersaturation. Subsequently, the precipitation of ZnO nanowires 

begins underneath these nuclei with the Au-dominated nucleus on top of the nanowires, as a 

catalyst. The nanowire growth reaction can be summarized as, 

                                    Au− Zn(l)+ Zn(v)+ 1
2
O2 (g)→ Au− Zn(l)+ ZnO(s)                                        (6) 
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The increased concentration of oxygen is believed to sustain ZnO formation through oxidation, 

which is crucial to ZnO nanowire synthesis in a controlled manner. However, the exact kinetics 

remains elusive and mandates detailed investigations to establish a firm theory.   

 

3.3. Experimental setup and procedure 

 Figure 6 illustrates the concept of the custom-built chemical vapor deposition (CVD) that 

was utilized for ZnO nanowire synthesis through VLS mechanism. 

 

Figure 6. Custom-built Chemical Vapor Deposition system for synthesis of ZnO nanowires. 

 

A customized furnace on the same concept was designed and assembled at The University of 

Alabama. The complete CVD system for ZnO nanowire growth is shown in figure 7.  
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Figure 7. A pictorial view of complete CVD system for ZnO nanowire synthesis. 

 

The furnace design incorporates a quartz tube with two gas inlets for pure Argon (Ar) and mixed 

gas (2%O2-rest Ar), and two outlets for residual gases and thermocouple assembly. The gas flow 

in the growth chamber was manually controlled through two mass flow controllers, as depicted 

in figure 8. Precursor powders of graphite (99.99%, 300 mesh, Alfa Aesar) and ZnO (99.9%, J.T. 

Baker) were mixed in 1:1 ratio (by weight, and 1.5 gms each) and were loaded on to a quartz 

boat capable of withstanding high temperatures. Three types of substrates, Si (100), ZnO (0001) 

and sapphire (11-20), were coated with a template layer of gold (~70 nm) using a sputtering 

system. These template-coated substrates were placed in the growth chamber. We then 

positioned substrates adjacent to the precursor-loaded quartz boat for sufficient supply of Zn 

vapors. The chamber was flushed with pure Ar gas at 120 sccm for 5 minutes to remove any 

residual air trapped inside the tube. Subsequently, the temperature in the growth chamber was 

ramped up to 950°C while maintaining a steady flow of mixed gas at 40 sccm in the chamber. 
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After thirty minutes of growth time at that temperature, the substrates were then cooled down to 

room temperature before retrieving them for further characterization.  

 After ZnO nanowire synthesis, we have investigated a patterned ZnO nanowire growth. 

This was done to explore the possibility of fabricating ZnO nanowire sensors for multiple analyte 

detection in addition to utilizing lithographic processes for single ZnO nanowire device 

fabrication. The multi-analyte detection approach is discussed in the final section of this 

dissertation. The current section focuses on utilization of E-beam lithography techniques to 

fabricate patterns of gold and subsequent nanowire growth on these patterns. For E-beam 

lithography, a field emission-scanning electron microscope (FE-SEM, JEOL-7000) was used in 

conjunction with a nanometer pattern generation system (Nabity). Si (100) wafers (1cm×1cm) 

were coated with PMMA A2 resist at 4000 rpm for 45 seconds. These samples were then baked 

in a hot plate at 180°C for 90 seconds.  Samples were then introduced in the SEM system and 

exposed to an area dose of 350 µC/cm2. The development of exposed samples was carried out 

with isopropyl alcohol (IPA) and methyl isobutyl ketone (MIBK) in a 1:1 ratio (v/v).  A thin film 

of gold (~70 nm) was deposited thereafter and was followed by lift-off in ultrasonic acetone bath 

for 3 minutes. These patterned gold substrates were subjected to the CVD process for 

synthesizing ZnO nanowires.  

 The following chapter will present the results obtained and discuss them in lieu of the 

theory outlined before for using them to develop high quality chemical gas sensors. 
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CHAPTER 4 

CHARACTERIZATION OF PRISTINE AND FUNCTIONALIZED ZINC OXIDE 
NANOWIRES 

 
 This chapter provides results obtained from ZnO nanowire synthesis. In collaboration 

with the Central Analytical Facility at The University of Alabama, we have performed the 

morphological and structure studies by scanning electron microscopy (SEM), transmission 

electron microscopy (TEM), and x-ray diffraction (XRD). The chemical composition of the 

synthesized nanowires was established through energy dispersive x-ray spectroscopy (EDAX) 

and optical properties through fluorescence spectroscopy.  

      

4.1. Synthesis characterizations 

 Synthesis of high quality and repeatable ZnO nanowires was achieved by continuous 

optimization of VLS process parameters. These parameters are temperature, gas flow rate, 

precursor placement, and growth time. These parameters impacted the morphology and growth 

of ZnO nanowires to a varying degree. Hence, it was imperative that synthesis results were 

analyzed to determine a suitable recipe for nanowire growth. Although almost all 

aforementioned factors were important, we focused specifically on temperature for the ZnO 

nanowire growth. A relatively narrow temperature region for growth was reported in literature so 

it was vital to determine the optimum temperature for consistent ZnO nanowire growth, provided 

all other parameters have been kept constant at values mentioned in the previous chapter. 

Therefore, four different temperatures were tested for ZnO nanowire synthesis and it was found 
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that consistent nanowire growth occurred at 950°C, as can be seen in figure 8. Figure 8(a) shows 

the Au-coated Si substrate after 30 minutes of growth time at 900°C. Negligible growth is 

observed, which can be attributed to the insufficient thermodynamic activation of the growth 

nucleus. 

 

Figure 8. ZnO nanowire growth at (a) 900°C, (b) 915°C, (c) 930°C, and (d) 950°C. A uniform 

ZnO nanowire growth was observed at 950°C with a high degree of vertical alignment to the 

substrate as required for device fabrication.  

 

The carbothermal reaction, however, is spontaneous as significant amount of Zn and O can be 

seen deposited on the substrate in the energy-dispersive X-ray (EDAX) spectrum shown in inset 

of figure 8(a). Additionally, the bright spots observed are gold droplets. Figure 8(b) and (c) show 
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some ZnO nanowire growth, however, the absence of consistent morphologies and localized 

growth indicated an unstable supersaturated growth nucleus that hindered nanowire growth. 

When the temperature was increased to 950°C, a uniform ZnO nanowire growth was observed 

with a high degree of vertical alignment to the substrate, as shown in figure 8(d). We used these 

characteristics to fabricate nanosensors. 

 

4.2. SEM, TEM, XRD, EDAX, and Photoluminescence analysis  

 Insofar, we have demonstrated consistent synthesis of ZnO nanowires on patterned 

silicon substrates (with native oxide layer). ZnO nanowires were synthesized on ZnO (0001) and 

sapphire (11-20) substrates. The growth on these substrates was performed to validate the 

synthesis process developed for large band-gap substrates, such as insulators, to aid in 

amperometric device operation. The device design envisioned, for this research, was a 

conventional resistive sensor with an additional optical sensing mechanism to ensure high 

sensitivity and selectivity. Hence, a hierarchical and interconnected ZnO nanowire growth on 

insulating substrates was necessitated in addition to a vertically oriented, open-structure to 

facilitate analyte diffusion.  Furthermore, it would promote carrier transport along the ZnO 

nanowire backbone. The morphology of pristine ZnO nanostructures was determined through 

field emission-scanning electron microscopy (FE-SEM) on JEOL-7000, and the crystal structure 

was ascertained through high resolution-transmission electron microscopy (HR-TEM) on FEI-

Tecnai. Additionally, the chemical composition of the pristine ZnO nanowires was studied 

through energy dispersive x-ray spectroscopy (EDAX). For determination of the orientational 

preference and complementary information on the crystal structure, x-ray diffraction (XRD) of 

the pristine ZnO nanowires was performed on Bruker AXS. Since low-defect ZnO nanowires 
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with minimal defect-related emission were critical to nanosensor fabrication, the optical 

properties of pristine nanowires were characterized by photoluminescence spectroscopy.  

 Figure 9 shows the SEM images of the pristine ZnO nanowires synthesized on Si (100), 

ZnO (0001), and sapphire (11-20) substrates. 

 

Figure 9. ZnO nanowires on (a), (b) Si (100) substrate (with native oxide) in top-view; (c), (d) 

ZnO (0001) substrate in inclined and top-view respectively, and (e), (f) sapphire (11-20) 

substrate in inclined view [76]. 
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Figure 9(a) and (b) show the top-views of ZnO nanowires as synthesized on Si (100) substrates 

[76]. Nanowires with diameters ranging from 60-80 nm, and length up to 2-4 µm were observed. 

The random growth directions can be attributed to the high degree of lattice mismatch between 

Si and ZnO (~18%) as well as the polycrystalline nature of the native oxide on Si [77]. However, 

as previously mentioned, a vertically oriented and interconnected structure is required for 

nanosensor fabrication. Therefore, ZnO nanowires were grown on ZnO (0001) substrates, as 

shown in figure 9(c) and (d). It was observed that ZnO nanowires grown on ZnO substrates have 

a very high degree of vertical orientation as well as an interconnected structure. While the 

vertical orientation can be attributed to the absence of lattice mismatch, the interconnected 

hierarchical structure can be posited to the high concentration of Zn vapors in the chamber, and 

unstable, supersaturated catalyst droplets leading to horizontal growth, as shown in figure 9(c) 

and (d). Although this is the desirable morphology, ZnO nanowires on ZnO substrates cannot be 

used for fabricating resistive devices due to their semiconducting nature. Therefore, sapphire 

(11-20) substrates were utilized due to their low lattice mismatch with ZnO, which can result in 

an almost epitaxial growth, and its insulating nature facilitating device fabrication. Figure 9(e) 

and (f) illustrate ZnO nanowire morphology on sapphire (11-20) substrates. It was observed that 

the nanowires are vertically oriented while maintaining a closely interconnected yet porous 

structure, which is critical for device fabrication. In addition, the dimensions of nanowires 

fabricated on different substrates were found to be substrate independent, thus the morphology of 

ZnO nanowires on sapphire substrates were deemed appropriate for nanosensor development.  

 After the synthesis of nanowires, TEM characterizations were conducted for crystal 

structure analysis. Figure 10(a) shows the low-magnification TEM image of a single ZnO 

nanowire that is fully consistent with the SEM observations. The selected area electron 



 

35 
 

diffraction pattern (SAED) in the inset of figure 10(a) confirms very high crystallinity (single-

crystal nature) of the synthesized nanowires where a distinct dot pattern is observed [78]. 

Furthermore, figure 10(b) shows the high-resolution TEM image of a selected area on the ZnO 

nanowire, which conforms to the empirical observations of ZnO nanowire’s tendency towards c-

axis (<0001>) growth direction via a VLS process and typical interplanar spacing of 0.52 nm 

[34]. The inset in figure 10(b) shows a schematic of a wurtzite-type crystal structure of ZnO 

nanowires that typically results from a VLS growth process. 

 

Figure 10. (a) Low-magnification TEM of a single ZnO nanowire; (inset) selected area electron 

diffraction (SAED) pattern of ZnO nanowire elucidating its single crystal nature, (b) HR-TEM 

image of a selected area on ZnO nanowire. The lattice spacing of 0.52 nm along [0001] direction 

confirms crystal structure of ZnO nanowire as wurtzite [78].  

 

 The orientational preference of the synthesized ZnO nanowires was probed through XRD 

studies. Figure 11(a) shows the X-ray diffractogram of pristine ZnO nanowires on the silicon 
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substrate. It can be observed that the ZnO nanowires exhibit preferential orientation along the 

(101) plane with a significant proportion along the (002) plane. This significant proportion is 

indicative of the wurtzite-phase of ZnO nanowires.  

 

 

Figure 11. X-Ray diffraction patterns of ZnO nanowires as grown on (a) Si (100) substrates, and 

(b) ZnO (11-20) substrates. The X-ray source for these analyses was Cu-Kα and Co respectively 

[79]. 
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Furthermore, the preferential growth along the (101) plane can be attributed to the random non-

epitaxial growth due to silicon substrate as discussed. From our experiment the orientation 

preference is dependent on the substrate used for nanowire synthesis. Substrates with lower 

lattice mismatch with ZnO, such as sapphire (11-20) and ZnO (0001), produce significantly high 

proportions of ZnO nanowires that are oriented along the (001) plane. Figure 11(b) shows 

growth of ZnO nanowires on the ZnO (11-20) substrates exhibiting strong preferential 

orientation along the family of (001)-type planes. ZnO nanowires that are single-crystalline and 

are oriented along (001) growth directions are crucial for device fabrication, as they contribute to 

the desirable nanowire array-type open structure with high surface-to-volume ratio in addition to 

being favorable for electrical transport.  

  After the TEM characterization, EDAX studies were performed for ascertaining the 

chemical composition of ZnO nanowires. Figure 12 depicts, ZnO nanowires as synthesized on 

silicon (100) substrates consisting of peaks belonging to elemental zinc and oxygen in addition to 

the substrate peak of silicon. This measurement confirmed the absence of any contaminants in 

the pristine ZnO nanowires. The atomic percentages of zinc and oxygen were found to be in 

agreement with the stoichiometric ratio of the molecule. 

 We measured photoluminescence (PL) from the samples to determine optical 

characteristics and qualitatively estimate the defect concentration of the synthesized ZnO 

nanowires. This was accomplished by suspending ZnO nanowires in pure acetone after scraping 

them off from the substrates. We then infused the solution onto a quartz slide for inserting it in a 

conventional fluorimeter (Fluoromax-3, Jobin Yvon). 



 

38 
 

 

Figure 12. EDAX analysis of pristine ZnO nanowires (on Si substrate) as synthesized through 

the VLS process. The measurement area is 5µm2. 

 

It is to be noted that the measurements were taken by replacing the conventional quartz cuvette, 

which goes into the fluorimeter sample holder, by a quartz slide with nanowires. The quartz slide 

was repeatedly drop-casted with the nanowire solution until a good reading was obtained by 

keeping the slide at 45 degrees to the incident monochromatic excitation light (325 nm). Keeping 

the slide at 45 degrees to the incident light prevented flooding of the detectors with reflected 

light and allowed for a good signal-to-noise. This setup is further explicated in the next chapter. 

Figure 13 illustrates the measurement results of the PL experiment [79]. The spectrum was 

clearly dominated by the emission peak at 380 nm, termed as the near band-edge emission 

(NBE) peak, originating from the radiative recombination of donor-bound excitons. 
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Additionally, the defect-related peak that was centered on 500 nm, termed as the deep level (DL) 

peak, was extremely weak. Although the exact origin of this deep-level emission is still debated, 

it is generally accepted that it potentially stems from the oxygen-related vacancy defects. As it 

was demonstrated in the figure that it has a weak defect-related peak, it can be safely deduced 

that the synthesized ZnO nanowires have almost negligible defects. This observation is 

particularly important as high-quality, defect-free ZnO nanowires can potentially aid in the 

enhancement of optical response by suppressing the charge transfer to defect sites, thereby 

affecting the quantum yield of an optically active receptor (fluorophore), if used for sensing 

purposes. 

 

Figure 13. Photoluminescence behavior of pristine ZnO nanowires. Near band edge emission 

was observed at c.a. 380 nm and a weak deep level emission peak at 500 nm. The excitation 

wavelength was 325 nm with accuracy of 0.5 nm and repeatability of 0.1 nm [79]. 
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As hypothesized, this lead to an increase in sensitivity of the opto-electronic sensor device, as 

presented in this research.  

 After successful synthesis and characterization of high quality ZnO nanowires, their 

growth on patterned substrates was investigated. To this point, the synthesis of ZnO nanowires 

was performed on non-patterned substrates, which resulted in a uniform coverage of the 

substrates. However, for fabricating different device structures and topologies, investigation of 

ZnO nanowire growth on patterned substrates was necessary.  

 

Figure 14. (a) E-beam lithography process for developing patterned Si substrates for ZnO 

nanowire growth. The inset shows the SEM image of the final gold-templated pattern on Si (100) 

substrate. (b) SEM images of ZnO nanowires on patterned substrates.  
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Initially, Si (100) substrates were subjected to E-beam lithography to make rectangular patterns 

of gold for serving as templates. Subsequently, ZnO nanowires were grown through the VLS 

process, as mentioned previously. E-beam lithography was used purely due to the convenience 

and availability of the instruments at UA. Figure 14 illustrates the E-beam process that was used 

and the final pattern obtained along with the ZnO nanowire growth. A better approach for 

making sub-micron patterns is by utilizing conventional photolithography, however, utilizing E-

beam at that juncture seemed more appropriate due to the perceived utility of the technique for 

single ZnO nanowire device fabrication. Furthermore, growth of ZnO nanowires in an array 

topology would aid in the development of a nanowire-based sensor for detecting multiple 

analytes. This would be discussed in the forthcoming chapters. The random growth of ZnO 

nanowires on these patterned Si substrates can again be attributed to the lattice mismatch 

between ZnO and Si, as reported previously. Additionally, the selective growth outside the 

pattern periphery is due to the lithography processing defects where a clean lift-off of the resist 

was challenging after gold-deposition on the pattern.  

 Upon successful synthesis, characterization, and patterned growth of high quality ZnO 

nanowires on various substrates, investigation of the surface chemistry was performed to 

engineer these nanowire’s surfaces. This provided the means and opportunity to exploit the 

unique properties of ZnO nanowires for nanosensor fabrication. In the forthcoming chapter, 

analysis of the surface chemistry pertinent to ZnO nanowires and associated mechanism is 

presented. Furthermore, the influence of surface functionalization on physical properties of the 

synthesized nanowires is also discussed.    
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CHAPTER 5 

SURFACE FUNCTIONALIZATION OF ZINC OXIDE NANOWIRES 

 This Chapter presents surface functionalization of synthesized ZnO nanowires. 

Functionalization would enable the ZnO nanowires to be used as a backbone to fabricate 

nanosensors that are capable of harnessing optical and electrical transduction mechanisms for 

high sensitivity and selectivity of the device. Chemical functionalization and doping can be 

utilized to alter the intrinsic physical and chemical properties of pristine nanowires [80,81]. The 

most significant of these, however, is molecular surface functionalization [82-89]. Given the 

high surface-to-volume ratio of ZnO nanowires, surface chemistry has a profound effect on the 

physicochemical properties of these nanostructures. For example, Debye length, which is a 

measure of field penetration in the bulk, is strongly influenced by the processes occurring at the 

nanowire surface. This in turn leads to the modulation of nanowire’s conductivity due to surface 

environment or surface moieties. This is believed to result in an enhanced sensitivity of the 

conductomeric sensors fabricated from ZnO nanowires. Similarly, on appropriate surface 

functionalization of these nanowires in concomitance with their nanometer-scale geometry, the 

optical properties can also be modulated. For example, the diffusion time of photo-excited 

carriers (~10-12-10-10 seconds) from bulk to the nanowire surface is greatly reduced with respect 

to the exciton recombination times (~10-9-10-8 seconds) [90]. This rapid carrier diffusion to the 

nanowire surface along with appropriate surface functionalization allows for a high quantum 

yield from optical processes occurring at the nanowire surface, which can then be exploited as 
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additional transduction pathways for improving the sensitivity and selectivity of the sensor 

device. Therefore, surface engineering of pristine ZnO nanowires through chemical 

functionalization was used to modify and tailor the behavior of nanowires for developing an 

opto-electronic sensing platform for p-nitrophenol detection.  

 Conceptually, surface functionalization of ZnO nanowires with an external compound 

(referred henceforth as receptor) consists of three distinct parts. First, there is a binding group, 

which covalently attaches to the nanowire surface and provides the necessary anchoring to the 

receptor molecule by occupying the available surface sites. Second, a linker that may or may not 

be present depending upon the required application. Nonetheless, it is a saturated or unsaturated 

chain that serves as a primary link between the nanowire surface and the terminal functional 

group. It is also responsible for providing thickness, stability, and a physical barrier to the 

nanowire surface, which determines the overall surface chemistry. Finally, there is a terminal 

group, which is responsible for providing the desired functionality. Figure 15 illustrates this 

functionalization scheme for ZnO nanowires.  

 

Figure 15. Surface functionalization of a ZnO nanowire with receptor molecules. 
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Although the above formulation of molecular surface functionalization presents a rather 

simplistic view of the process, we must keep in mind that other variables are involved and 

considered for more accurate modeling. As an example, solvation effects (the solvation of 

functional groups on the receptor molecules might be different in solution than in bulk), steric 

effects (the receptor molecules on nanowire surfaces tend to have a preferable orientation with 

respect to the surface due to thermodynamic considerations and could have a significant effect on 

the properties of the nanowire-receptor heterostructure), and proximity effects (the close 

proximity of similar functional groups on nanowire surfaces might lead to an enhanced 

interaction among the receptor molecules resulting in alteration of physicochemical properties, 

especially in the solid state).   

 

5.1. Mechanism of carrier modulation through functionalization 

 In previous chapters, the justification for utilizing ZnO nanowires as chemical gas 

sensors for detecting p-nitrophenol has been provided. This section will provide the interaction 

between surface chemistry and metal oxide nanostructure-based gas sensors. The following 

discussion will focus on a generic mechanism of metal oxide nanostructure-based 

conductometric gas sensors. As the reader would recall from previous discussions that the 

majority of chemical gas sensors that have been reported rely on change in conductance as a 

result of interaction between the analyte molecule and nanostructure surface. Probing the exact 

mechanism of detection and influence of optical stimulus on functionalized ZnO nanowires is 

critical to the complete understanding of opto-electronic nanosensor as developed in this 

research. Essentially, majority of metal oxide-based nanosensors reported to date indicate a 

dominant role played by oxygen vacancies in their amperometric sensing behavior [91]. Each 
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vacancy results in the formation of a shallow donor state in close proximity to the conduction 

band. The energy barrier between the conduction band and donor states is small enough to cause 

ionization of vacancy states, thereby injecting electrons into the conduction band. This accounts 

for the n-type behavior of ZnO nanowires at room temperature. At a given temperature the 

conductance of a nanowire, G = πR2eµn / L , is determined by the relative concentrations of 

(single or double) ionized surface vacancy states, which are responsible for the electron 

concentration in bulk. Upon gas adsorption, a multi-step process governs the conductance change 

and is ultimately responsible for the sensor operation. For example, withO2 as adsorbate on ZnO 

nanowire surfaces, the surface vacancies are partially repopulated. This results in ionized surface 

oxygen species, such as O2
− . The equilibrium surface coverage of O2

−  depends on oxygen partial 

pressure, temperature dependent adsorption/desorption constants ( kads / kdes ), concentration of 

mobile electrons, n , and unoccupied vacancy site concentration, Ns. Typical reactions occurring 

on the surface can be described as follows,  

     O2
gas + e− + Ns ⇔O2

−                                                              (7) 

            kads ⋅Ns ⋅n ⋅ pO2 ⇔ kdes ⋅θ                                                           (8) 

Due to the formation of ionosorbed oxygen species, the electrons get localized on nanowire 

surfaces resulting in the formation of a ~30-100 nm (approximate Debye length for ZnO) 

electron-deficient surface layer. This leads to band bending near the surface. For nanowires that 

have diameters ranging from 10-100 nm, the depletion layer encompasses the whole nanowire, 

where the Fermi level shifts away from conduction band not only on the surface but also in the 

entire nanowire. Figure 16 illustrates shifting of the Fermi level for pristine and functionalized 

nanowires.  
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Figure 16. Fermi level shifting due to adsorbed oxygen that acts as electron acceptor, when 

nanowire diameter is comparable to Debye length [91].   

 

A new equilibrium among the mobile electrons and the vacancies is achieved. Under these 

conditions, even at room temperature, electrons from the bulk can easily reach the surface of the 

nanowire due to a lowered electrostatic barrier. This affects the carrier concentration in the 

whole nanowire significantly and hence the overall conductance, G. This can be mathematically 

expressed as the following, 

    ΔG = (πR2eµ / L) ⋅ (2Nsθ / R)     where R=radius of nanowire          (9) 

The drop in conductance forms the basis of myriad ZnO nanowire-based conductometric sensors 

as reported in literature[92]. The aforementioned mechanism highlighted that it is possible to 

modulate the electronic properties of ZnO nanowires, provided careful attention is paid to the 

surface chemistry. The possibility to shift the position of Fermi level through surface 

functionalization provided the impetus for this research to utilize carboxylic acid moieties for 

developing a novel opto-electronic ZnO nanowire sensor with carefully engineered surfaces.  
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 Since the mechanism discussed previously pertains to the modulation of electrical 

properties in presence of an electron-withdrawing adsorbate, it is rational to mention the surface 

effects of an electron-donating adsorbate, such as a carboxylic acid. This will benefit the reader 

to understand the opto-electronic sensor operation as described in the forthcoming sections. 

When a carboxylic acid moiety (-COOH) is functionalized on ZnO nanowire surfaces, it prevents 

the oxygen in the ambient to occupy the vacancy sites and inhibit the reaction as described in 

equation 7. In addition, the –COOH moiety transforms to –COO- when functionalized on 

nanowire surfaces, which is an electron donating group [93]. This provides additional mobile 

carriers leading to an effective enhancement in the conductance of functionalized nanowire-

based devices.   

 Owing to the advantages of the carboxylic acid moiety in terms of carrier enhancement 

and the motivation for developing a hybrid opto-electronic platform for sensing applications, the 

preliminary functionalization studies of ZnO nanowires were carried out with oleic acid. 

Although surface functionalization of ZnO nanowires can be carried out by several functional 

groups, a deliberate choice of oleic acid was made due to its long chain and relatively high 

molecular weight characteristics as compared to simple molecules, which would allow for 

investigating the effects of a large molecule on ZnO nanowire surfaces. Sadik et al., for example, 

demonstrated the functionalization of Zn- and O-terminated ZnO surfaces by thiols [94]. Other 

self-assembled monolayers, such as, chlorosilanes, methoxysilanes, and ethoxysilanes have also 

been shown to modify ZnO nanostructure surfaces [95-97]. However, most of these works focus 

on ZnO thin films or nanoparticles with very limited studies directed towards nanorods or 

nanowires. Therefore, for this research, oleic acid was chosen as the functionalizing molecule. 

Furthermore, oleic acid is a surfactant that has been shown to immobilize biologically important 
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molecules [98,99], which might be helpful for making biosensors in conjunction with ZnO 

nanowires. The structure and chemical formula of oleic acid is shown in figure 17.  

  

Figure 17. Chemical structure and formula of oleic acid [99].  

 

Subsequent to oleic acid functionalization studies, the surface chemistry of complex aromatic 

molecules with terminal carboxylic groups, such as 1-pyrenebutyric acid (PBA), was 

investigated. It was conjectured that for the successful fabrication of hybrid opto-electronic ZnO 

nanowire-based sensor platforms, the nanowire surfaces must be functionalized with molecules 

that fulfill two criteria. First, the molecule should consist of a functional group, preferably a 

carboxylic acid, so that successful covalent functionalization of ZnO nanowire surfaces can be 

achieved. The carboxylic acid moiety would ensure chemical anchoring of the molecule on ZnO 

nanowire surfaces, which is crucial for the robust operation of functionalized sensor devices. It 

would inhibit removal of the functionalized moiety easily thereby allowing the sensor to retain 

its functionality upon exposure to moderate chemical environments during operation. The 

functionalized molecule must possess an active terminal group that can aid in improving the 

sensitivity and selectivity of the sensor devices by influencing the optical and electrical 
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properties of the hybrid heterogeneous structure for detecting p-nitrophenol vapors. Therefore, 

PBA receptor was accordingly chosen after a careful literature survey and its prospective 

benefits in the selective detection of p-nitrophenol in a solution-based environment. The details 

of optical properties and mechanisms of PBA receptor sensitization are discussed in the next 

Chapter.  

 This chapter focuses on functionalizing pristine ZnO nanowires with oleic acid and PBA 

molecules to gain better understanding of the surface chemistry through appropriate 

characterization techniques. Furthermore, influence of oleic acid coating on the optical properties 

of ZnO nanowires was also investigated and is reported in this Chapter. 

 

5.2. Experimental apparatus  

 After successful identification of compounds that need to be functionalized on ZnO 

nanowire surfaces, the experimental procedures for coating and subsequent analyses are outlined 

below.  

5.2.1. Oleic acid functionalization 

 For functionalizing pristine ZnO nanowires with oleic acid, the samples were dipped in 

an oleic acid solution prepared in hexane (1% v/v) for 10 minutes. Subsequently, the samples 

were copiously rinsed with pure solvent for 5 minutes to remove the physisorbed oleic acid 

molecules. This was to ensure that the signal being generated during surface characterization is 

from the covalently bonded oleic acid. In addition, it prevents obscuring of the signal from a 

large surface concentration of the physisorbed oleic acid molecules. The samples were air-dried 

in a controlled environment before being characterized through Raman and Fourier transform-

infrared (FT-IR) spectroscopies.  
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 The Raman investigations of the pristine and oleic acid-modified ZnO nanowires was 

performed using a Raman spectrometer (Jobin Yvon, HR 800 UV) with a He-Ne laser excitation 

line of 633 nm (Street Lab). The obtained spectra were appropriately corrected for the 

background after acquisition.  

 The Raman data alone was not sufficient to establish functionalization and determination 

of all vibrational modes. Hence, FT-IR of pristine and functionalized-ZnO nanowires was 

performed on a diffuse reflectance FT-IR system (Bruker Vertex 70). The functionalized ZnO 

nanowires were scraped from the substrates onto an IR transparent potassium bromide (KBr) 

crystal to obtain the measurements. The background was measured and corrected manually 

before running the actual samples to obtain a good signal-to-noise ratio.  

 For photoluminescence studies of pristine and oleic acid-modified ZnO nanowires, the 

nanowires were scraped off from the substrates into vials that contained 3 mL of hexane. The 

vials were then sonicated for 30 minutes to ensure a good dispersion of the nanowires, which 

otherwise might remain clustered due to surface energy considerations. Subsequently, 

photoluminescence spectra of both, pristine and oleic acid-coated ZnO nanowires were measured 

in a conventional spectrophotometer (FluroMax-3, Jobin Yvon) at an excitation wavelength of 

325 nm.  A standard quartz cuvette with a 1 cm path length was used. The Fluoromax-3 system 

used for the optical characterization studies is shown in figure 18. 
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Figure 18. FluoroMax-3 spectrophotometer utilized for photoluminescence measurements of 

pristine and oleic acid-modified ZnO nanowires. Data acquisition methodology would be 

modified in this system for experiments reported in the following Chapter.  

 

5.2.2. PBA functionalization 

 The functionalization of PBA on ZnO nanowires was carried out by two different 

approaches. The rationale behind using two distinct coating methods was to ensure a proper 

signal during surface characterization studies. First, a conventional dip-coating method was 

utilized. PBA, purified through recrystallization in ethyl acetate was utilized hereafter for the 

coating experiments. Silicon substrates with ZnO nanowires were dipped in a 30 mM solution of 

PBA prepared in acetone and were kept at 50°C under dark conditions. After 48 hours, the 

substrates were retrieved and copiously rinsed in pure solvent for 5 minutes to remove the 

unadsorbed PBA molecules. Subsequently, the samples were air-dried for 24 hours. Air-drying 
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was expected to favor a more regular arrangement of pyrene moieties on the nanowire surfaces 

and simultaneously enhance the quantum yield from the PBA receptor, thus aiding in the sensing 

process [70]. In an alternative approach for functionalization, ZnO nanowires were scraped from 

the substrates into a concentrated solution of PBA (1 M). This mixture was then sonicated for 2 

hours to maximize the PBA coating on ZnO nanowire surfaces. The solution obtained was then 

transferred to a centrifuge and rotated at 4500 rpm for 45 minutes. After supernatant removal, 

pure solvent was added and the mixture was re-sonicated for 2 hours to ensure a proper rinsing. 

This process was repeated twice to remove traces of PBA in agglomerated ZnO nanowires 

present in solution. This method was used to obtain the highest degree of functionalization on 

ZnO nanowires so that during characterization studies an enhanced signal can be obtained. It is 

to be noted that for device fabrication, dip-coating method was used and the coating 

concentration of 30 mM PBA in acetone was optimized through repeated testing of fluorescence 

characteristics of PBA-coated ZnO nanowires.  

 For surface characterization, Raman spectroscopy was performed on PBA-functionalized 

ZnO nanowires samples. The samples were introduced in a Raman spectrometer (Lab RAM HR-

Horiba, Jobin Yvon), as shown in figure 19. The measurements were performed with the 532 nm 

laser excitation source.  



 

53 
 

 

Figure 19. Lab RAM HR-Horiba system used for Raman spectroscopy of PBA-functionalized 

ZnO nanowires (Hartman Lab). 

  

However, the Raman technique did not achieve desirable results due to high background 

fluorescence from the fluorescent PBA receptor molecules. We used other surface analytical 

methods, as outlined below. 

 Attenuated total reflectance Fourier transform-infrared (ATR FT-IR) spectroscopy was 

utilized to determine the binding modes of PBA receptors on ZnO nanowires for confirming 

functionalization. Conventional diffuse reflectance FT-IR systems were deemed to be less 

sensitive for quantifying PBA-functionalized ZnO nanowires and accordingly yielded 

inconsistent results. This may have been due to the nature of sample preparation as it was quite 

challenging to obtain uniformly distributed or non-aggregated functionalized ZnO nanowires in 

the sample holders. Therefore, an ATR FT-IR system (Perkin Elmer-spectrum 100) with 



 

54 
 

diamond crystal was used. It provided an enhanced resolution of data points, and a good signal 

for comparing pristine and PBA-functionalized ZnO nanowires. For measurements, PBA-coated 

ZnO nanowires were scraped from the substrates and released over the sampling area. 

Background signal was obtained and was automatically substracted from the data. The minimum 

resolution for data points was set to 4 cm-1.  

 Since, ATR FT-IR results are considered inconclusive to establish functionalization of 

PBA on ZnO nanowires, X-ray photoelectron spectroscopy (XPS) was used. XPS is a surface-

sensitive quantitative technique to determine the surface states and elemental composition. 

Chemical functionalization of ZnO nanowires with PBA, an organic compound, was expected to 

increase the carbon (C) concentration on nanowire surfaces. Monitoring C peaks in the spectrum 

would provide the necessary empirical evidence to establish functionalization. Figure 20 shows 

the XPS spectra of pristine and PBA-functionalized ZnO nanowires obtained on the Kratos Axis 

165 XPS/Auger with monochromatic Al source operating at 12 kV and 12 mA.  The pressure in 

the chamber during measurements was maintained at around 10-9 Torr. Pass energy of 160 eV 

was used for survey scans while for the actual elemental analysis pass energy of 40 eV was 

utilized.     

  The aforementioned experimental methods were successfully used to determine the 

functionalization behavior of ZnO nanowires with compounds possessing carboxylic moieties. 

As will be evident later, chemical functionalization and surface chemistry would have a critical 

role in the operation of nanowire-based sensors for p-nitrophenol detection in terms of sensitivity 

and selectivity.     
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Figure 20. X-ray photoelectron spectroscope (Kratos Axis 165 XPS/Auger) was used for 

confirming functionalization of PBA receptor on ZnO nanowire surfaces.  

 

5.3. Results and Discussion 

5.3.1. Characterization of oleic acid-functionalized ZnO nanowires 

 To ascertain chemical functionalization of oleic acid on ZnO nanowire surface, Raman 

spectroscopy was conducted on pristine and oleic acid-functionalized ZnO nanowires. Figure 21 

illustrates the Raman spectrum of the pristine ZnO nanowires as synthesized on Si (100) 

substrates. This was crucial to obtain and establish the necessary background. The figure shows 

peaks at 437 cm-1 (E2 mode) and 577 cm-1 (A1(LO) mode) which are characteristic to ZnO. 

Although the relative intensity of the peak at 437 cm-1 should be higher than any other 

characteristic ZnO peaks, it can be observed from the red curve, in figure 21, that it is vice-versa 

for the sample analyzed. This is because of the absence of well-defined scattering configuration 

due to randomly oriented nanowires on Si (100) substrates. This provides a slight polycrystalline 

nature to the sample where a relatively prominent 437 cm-1 peak is indicative of a mixture of 



 

56 
 

orientations present within the laser spot during the experiment. This variation in characteristic 

peaks can be seen in the images of sampling areas adjacent to the spectra. Remaining peaks, 

including the prominent peak at 520 cm-1, correspond to the Si (100) substrate. It was also 

observed that the low intensity substrate peaks at 301 cm-1 and 966 cm-1 get obscured as the 

sampling area for obtaining the spectra changes from a region of sparse ZnO nanowire growth 

(curve 1) to a dense ZnO nanowire growth (curve 6) in figure 21. 

 

Figure 21. Raman spectrum of pristine ZnO nanowires on Si (100) substrates, taken at various 

sampling areas. Curve 1 represents Raman spectra taken in a region of thin nanowire growth 

while curve 6 represents a region of dense nanowire growth. 
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Figure 22 illustrates the Raman spectrum of oleic acid-functionalized ZnO nanowires. It 

was observed that in addition to the characteristic peaks of ZnO, as depicted in figure 21, 

signature oleic acid peaks were also present. This strongly suggested that the ZnO nanowire 

surfaces have been modified by oleic acid.  

 

Figure 22. (a) Raman spectrum of oleic acid-modified ZnO nanowires, and (b) Raman spectra of 

pure oleic acid indicating prominent vibration modes for reference [79].  
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However the Raman measurements provide necessary but insufficient empirical evidence to 

establish chemical functionalization of nanowires. Therefore, we obtained FT-IR spectra of oleic 

acid-functionalized nanowire.  

 

Figure 23. FT-IR spectrum of pure oleic acid (bottom) and oleic acid-functionalized ZnO 

nanowires (top) [100]. 

  

Figure 23 depicts the FT-IR spectrum of pure oleic acid along with the oleic acid-

functionalized ZnO nanowires. For the pure oleic acid, we observed two distinctive peaks at 937 

cm-1 and 1464 cm-1, which attributed to the out-of-plane and in-plane OH deformations 

respectively. The peak at 1284 cm-1 was assigned to the C-O stretch, while the intense peak at 

1710 cm-1 represents C=O (carbonyl) vibrations. The group of peaks at 2825 to 2950 cm-1 is due 
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to CH2 and CH3 asymmetric and symmetric stretches. The weak peak at 3005 cm-1 was assigned 

to the C-H stretch of a cis-alkene. The spectrum resulting from the oleic acid-functionalized ZnO 

nanowires is also shown in figure 23. Changes in this spectrum occur mostly in the features 

associated with the carboxylic acid terminal group, which indicates formation of a bound surface 

carboxylate. There are three binding modes of a carboxylic acid on a metal oxide surface, as 

shown in figure 24. From analyzing the spectrum it can be concurred that oleic acid binds to ZnO 

nanowire surface in a bi-dentate state, as the C=O band at 1710 cm-1, C-O stretch at 1284 cm-1, 

and O-H out-of-plane deformation modes no longer appear in the spectrum.  

           

Figure 24. Main binding modes of carboxylic acid on metal oxide surface [96]. 

 

Consequently, the new features are indicative of binding through carboxylate species. The peaks 

at 1407 cm-1 and 1589 cm-1 in figure 23 were attributed to COO- symmetric and asymmetric 

stretching, respectively. The remaining peaks are characteristic of the long hydrocarbon chain of 

oleic acid. The region of 1180-1350 cm-1 contains multiple weak bands that signify presence of 

fatty acids. The peaks at 1454 cm-1 and 1465 cm-1 are due to CH3 and CH2 deformation modes 

respectively. All peaks beyond 2800 cm-1 remained undeviated pre- and post-nanowire surface 

modification with oleic acid.  
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 Subsequent to functionalization with oleic acid, the measurements of photoluminescence 

behavior on the ZnO nanowires were recorded. Figure 25 (A) shows the PL spectrum of the 

pristine nanowires.  

 

Figure 25. Photoluminescence (PL) spectrum of (A) pristine ZnO nanowires, and (B) oleic acid-

functionalized ZnO nanowires [100]. The excitation wavelength was 325 nm with accuracy of 

0.5 nm and repeatability of 0.1 nm. 

 

Weak peaks at 510 nm and 536 nm were attributed to the defect-related emission and prominent 

peaks at 360 nm, and 380 nm are due to the onset of excitonic band edge-related emission. When 

the nanowire surface sites are occupied with oleic acid molecules, two significant changes occur 
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in the spectrum. In figure 25 (B) the defect related peaks disappear, which could be due to the 

occupation of surface sites by oxygen from oleic acid. Furthermore, the band-edge related 

emission peaks merge and exhibit a slight red-shift, which can be attributed to the surface 

adsorption of oleic acid molecules. Both these phenomenons could be due to the surface 

interaction between ZnO nanowires and the oxygen atoms from oleic acid. Although the role of 

oxygen in ZnO photoluminescence is still debated, it can nonetheless serve as a functional tool 

for quantification and characterization. It also highlights the importance of controlling the 

surface chemistry of synthesized ZnO nanowires for nanosensor fabrication based on an organic-

inorganic heterostructures.  

 

5.3.2. Characterization of PBA-coated ZnO nanowires 

 For establishing PBA functionalization on ZnO nanowire surfaces, we utilized ATR FT-

IR and XPS techniques. As mentioned earlier, the conventional technique of Raman 

spectroscopy could not be used due to the problem of sample fluorescence, which obscured the 

Raman signal rendering the spectra highly convoluted with large amounts of background noise. 

Therefore, XPS technique was used to gather evidence of functionalization followed by ATR 

FT-IR as a complementary method to prove functionalization.  

 The XPS is a highly surface-sensitive technique that yields surface information with a 

sub-nanometer resolution. Figure 26(a) shows the survey scan of the pristine ZnO nanowire 

samples, which indicated presence of the following elements on the surface: zinc, oxygen, and 

adventitious carbon. No contaminants from the synthesis process were observed on the nanowire 

surfaces. ZnO nanowires exhibited a doublet at 1021.4 eV and 1044.5 eV [101], which 

corresponds to the Zn-2p3/2 and Zn-2p1/2 core levels respectively, which further establishes 
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presence of only zinc and oxygen on the nanowire surface. Furthermore, figure 26(b) shows the 

superimposed C-1s spectrum of modified- and unmodified-ZnO nanowires.  

 

 

Figure 26. (a) XPS survey spectrum of pristine ZnO nanowires, (b) Significant increase in 

adventitious carbon 1s peak intensity at 285 eV indicates surface modification of nanowires by 

1- pyrenebutyric acid [79]. 
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Figure 26(b) clearly indicates surface modification of the nanowires with PBA by observing the 

enhanced spectral intensity for carbon 1s peak. Furthermore, a slight shift in binding energy of 

the carbon peak in the modified ZnO nanowires was attributed to the bound nature of carbon in 

PBA. However, this is not a conclusive evidence to establish chemical functionalization of PBA 

on ZnO nanowires since it lacks the information about chemical binding modes.  

 Subsequently, ATR FT-IR measurements were performed. The experimental data from 

this qualitative technique enabled the determination of surface behavior of ZnO nanowires after 

PBA functionalization. Figure 27 shows the ATR FT-IR spectrum of the pristine ZnO nanowires, 

pure PBA, and ZnO/PBA nano-heterostructure. As shown in the figure 27 (A), pristine ZnO 

nanowires show no prominent peak in the spectral zone. PBA, in figure 27 (B), exhibits 

numerous peaks in the fingerprint region, which is typical of aromatic compounds. Peak at 3037 

cm−1 correspond to the C-H stretching of the aromatic pyrene rings. The peaks at 2950 cm−1 and 

2873 cm−1 were assigned to the C-H stretching of -CH2- groups [102]. The peaks in the region of 

2500–3300 cm−1 were attributed to the terminal carboxylic groups. The most significant peak 

centered around 1687 cm−1 is due to the carbonyl (C=O) moiety of the free terminal carboxylic 

acid group, while the relatively weak peak at 1272 cm−1 is believed to be from the C-O stretching 

vibrations. The bound nature of PBA on ZnO nanowire surfaces is clearly indicated by the 

absence of C=O peak at 1687 cm−1 in figure 27 (C). This clearly suggests bi-dentate binding 

mode of PBA on ZnO. Furthermore, typical C-H vibration peaks in figure 28 (C) are also 

indicative of covalently bound PBA molecules.  

 Throughout our functionalization studies conducted with oleic acid and PBA molecules, 

the surface chemistry has played an essential role in influencing the physicochemical properties  
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Figure 27. FTIR-ATR spectrum of (A) pristine ZnO nanowires, (B) pure PBA and, (C) ZnO 

nanowire–PBA heterostructure [79].  

 

of ZnO nanowires. Appropriate surface chemistry and its effects need to be studied carefully 

before utilizing ZnO nanowires for any sensor designs. For the solid state p-nitrophenol sensor 

reported in this dissertation, it was determined that the chemical functionalization of ZnO 

nanowires, synthesized through the high temperature CVD process, is required for successful 

device fabrication. Modification of nanowire surface with a carboxylic acid moiety possessing an 

active terminal group was demonstrated to be a potent strategy for developing highly sensitive 

opto-electronic sensors. Chapter 6 presents the detailed optical and electrical characterization, 

device fabrication, and hybrid sensor operation.    



 

65 
 

 

 

 

CHAPTER 6 

ZINC OXIDE NANOWIRE-BASED SENSOR DESIGN 

6.1. Introduction  

 This chapter provides the application of a fluorescence quenching-based methodology 

concurrent with a conventional amperometric approach to develop highly sensitive and selective 

nanosensors for p-nitrophenol detection under ambient conditions. As discussed in previous 

Chapters, conventional modes of nitroaromatic detection are severely limited in their capability 

to sensitively detect vapor molecules. The current state-of-the-art techniques are deficient in high 

sensitivity and physically bulky for field deployment. Among popular analytical techniques for 

nitroaromatic detection, the method based on fluorescence has exhibited tremendous potential 

[103-105]. The fluorescence-based technique is known to be sensitive and have provided with 

reliable results under a specific laboratory condition. The mechanism and theory behind 

fluorescence have been extensively studied and developed for numerous biological and chemical 

sensors. A class of optically active compounds, called fluorophores, is routinely used in 

chemistry and biology to observe the interaction between different species and compounds. In 

addition, the fluorophores are also employed in developing DSSC (dye sensitized solar cell), 

where an optically active fluorophore is sandwiched between the solid-state electrodes to 

produce a voltage due to electron transport upon solar excitation [106]. Although, the usage of 

fluorophores is typical for a breadth of analytical applications, their application in solid-state 

sensors has been reported with limited samples. This could be attributed to the deviation in their 
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physicochemical characteristics due to the absence of a solvation environment, which 

complicates the understanding of their chemistry. However, their behaviors could be explained 

with the fundamentals developed through decades of research.  

In this Chapter utilization of a fluorophore, 1-pyrenebutyric acid (PBA), in concomitance 

with ZnO nanowire substrata is provided. The fluorescence properties of this particular 

fluorophore are used in synergy with the electrical properties of ZnO nanowires to fabricate a 

hybrid opto-electronic sensor for detecting p-nitrophenol vapors in ambient temperature. The 

platform was tested to be highly sensitive and selective. We have designed two distinctive 

nanosensors.  

 

6.1.1. Theory of fluorescence quenching  

Since the concept of fluorescence quenching is fundamental to the sensor design, it is 

rational at this juncture to elaborate upon the theory behind the process of fluorescence. The 

quenching refers to a process that decreases fluorescence of a fluorophore. It can result from a 

variety of molecular interactions, such as excited-state reaction, ground state complex formation, 

molecular rearrangement or collisional quenching [107]. The implementation of sensor design 

reported in this dissertation relies on a collisional or dynamic quenching. Therefore, our 

discussion focuses directly on explicating the mechanism behind the quenching process.    

In case of collisional quenching, the quencher molecule interacts with the fluorophore 

during its excited-state lifetime leading to its relaxation to the ground-state via a non-radiative 

decay process [51]. The crucial characteristic of this process is that it takes place without any 

permanent change in the participating molecules, i.e. without a photochemical reaction. This 

allows for the development of a sensor that can potentially be refreshed by using an external 
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stimulus. Another critical variable is the proximal distance between the fluorophore and the 

analyte molecule. This criterion starts with the fundamentals of the collisional quenching 

process, which requires a physical contact between the fluorophore and the quencher (analyte) 

molecules. Hence, it is implicit that increasing the interaction area between the fluorophore and 

analyte molecules could potentially result in an enhancement of quenching efficiency. Therefore, 

ZnO nanowires were selected to facilitate enhanced interactions between the fluorophore and 

analyte molecules due to their high surface-to-volume ratio. This resulted in an amplified 

quenching response with a trace quantity of the p-nitrophenol analyte. Collisional or dynamic 

quenching can be mathematically expressed by Stern-Volmer equation [58] as,  

                                                 F
F
=1+KD[Q]                                                                   (10) 

where F  and F  are the fluorescent intensities of the fluorophore in the absence and presence of 

the quencher molecule.KD represents the quenching constant, while [Q]  is the quencher 

concentration. Provided other factors, such as source power, excitation, and detection 

efficiencies remain constant, the fluorescence power ratio bears a linear relationship with the 

quencher concentration. This means that the Stern-Volmer quenching constant can be determined 

by plotting the fluorescence power ratio against the quencher concentration. This is an important 

parameter and can be used to compare the efficiencies and temporal behavior of different sensor 

devices based on distinct fluorophores. Additionally, it also aids in the determination of 

calibration curves of the sensing devices along with selective fingerprinting of the sample 

analyte. Although the equation (10) permits the formulation and testing of a theory behind 

fluorescence-based chemosensor from a purely empirical standpoint, it is insufficient to 

understand the physical mechanisms involved during the quenching process. The three major 

mechanisms of quenching are: 
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(i) Inter-system crossing,  

(ii) Photo-induced electron transfer (PET), and 

(iii) Electron exchange or Dexter interaction.    

Among these, the mechanisms (i) and (ii) are expected to be the least dominant for PBA-

functionalized ZnO nanowire sensors. The primary reason for such an assumption is that while 

intersystem crossing is found to be the most dominant mechanism in the case of heavy atoms or 

halide-based quenchers, PET requires a certain degree of spectral overlap, which is absent in the 

receptor-quencher (analyte) combination reported in this dissertation (p-nitrophenol absorbs at 

~400 nm while PBA emits at ~465 nm) [108]. Therefore, the dominant quenching mechanism 

can be claimed to be the electron exchange. Figure 28 illustrates the energy-level diagram of an 

electron exchange between a donor (DE) and acceptor (AE) molecule.  

 

Figure 28. Schematic illustrating electron exchange mechanism [58]. 

 

The electrons in the donor (fluorophore) molecules present in LUMO (lowest unoccupied 

molecular orbital) are excited by the incoming radiation and are promoted to the HOMO (highest 

occupied molecular orbital) level of the donor. These electrons are subsequently transferred to 

the acceptor (analyte) molecules, where they undergo a non-radiative decay to return to the 
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ground-state of the acceptor molecules. This is different than a resonance energy transfer (RET) 

as in a Dexter exchange the electron transfer process results in quenching, while a RET results in 

an excited acceptor. Additionally, high concentrations are required during Dexter transfers 

whereas small concentrations are necessary for RETs.  

 

6.1.2. Potential of pyrenyl excimers for nitroaromatic detection 

 Pyrene compounds have been used in the past for detecting nitroaromatic compounds due 

to their high quantum yield. However, much of the emphasis has been on solution-based studies, 

which is a standard approach for using fluorophores or their derivatives for analytical 

applications [109,110]. The emission from pyrenyl derivatives is in the spectral range of 300-400 

nm, which requires sophisticated detectors and instrumentation for the quantification and 

analysis. This has resulted in the limited usage of this fluorophore family for fabricating solid-

state sensing devices that are cost-effective or work in the visible spectrum for detecting 

nitroaromatics. Pyrenyl moiety has been quite effective in an agglomerated form, which results 

in a strong excimeric emission that is extremely sensitive to nitroaromatic quenchers. The 

challenge, however, with excimeric-based detection from pyrenyl groups has always been their 

incorporation into a well-packed morphology even in solution phase [111-115].  

Since pyrenyl excimers form the backbone of the nanosensor operation, it would be 

appropriate to mention the type of excimers. Excimers are classified into two distinct categories. 

First, as described by Birk [116], which is a dimer associated in the excited state but dissociated 

in the ground state. Second, a static excimer, which is a dimer associated in both the electronic 

excited-state and ground-state. The excimers from pyrenyl groups can be classified as static, 

since they exhibit perturbed absorption and emission behavior. This behavior can be attributed to 
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an energetically favorable [Py-Py]* state that decays to the ground state [Py-Py] following 

Franck-Condon principle, which leads to the characteristic wide emission peaks associated with 

excimers.  

The structure and unique optical properties of 1-pyrenebutyric acid (PBA) have 

significantly contributed towards the development of the solid-state ZnO nanowire-based sensor 

as envisaged for this research. While the excimeric emission forms the basis of a sensitive optical 

detection, the modulation of electrical properties through the fluorophore-analyte electron 

exchange has facilitated the use of a dual-detection mechanism. The following section provides 

the experimental details on development of an integrated opto-electronic platform from the 

design stage to its integration on a remote wireless testing platform. The design and fabrication 

strategies of a single and multi-nanowire device will be discussed followed by the I-V testing of 

pristine and PBA-functionalized device. Sensor operation will be validated under a concurrent 

optical and electrical stimulus and a limit of detection would be deduced from the data. A 

thermogravimetric analysis (TGA) of the functionalized ZnO nanowires is presented as part of a 

possible strategy for refreshing the sensor device.   

 

6.2. Experimental setup and procedure 

  After the successful functionalization of PBA receptor on ZnO nanowires, testing the 

fluorescent behavior of a pure receptor in solution and solid phase was performed. Subsequently, 

fluorescence behavior of a PBA-ZnO nanowire heterostructure was characterized to ascertain the 

optical detection mode of the sensor. We then performed UV-Vis spectroscopy on a dilute 

solution of PBA receptor (10-6 M) in a Cary 50 UV-Vis spectrometer (Varian, Inc) to determine 

the optimum excitation wavelength of the PBA receptor. Standard quartz cuvette with a path 
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length of 1 cm (3.5 mL, Ocean Optics) was used for testing the samples. Background noise of 

acetone was appropriately subtracted from the spectrum. All measurements were obtained under 

ambient conditions at 23°C. This information is required to ascertain the actual wavelength of 

excitation that will aid in subsequent fluorescence measurements and calibration of the sensor 

device. The fluorescence measurements to test the optical sensing behavior of PBA-ZnO 

nanowire heterostructure were performed in two stages. First, the fluorescence behavior of the 

pure PBA receptor in solution-phase was tested along with the effect of p-nitrophenol on its 

fluorescence. This was accomplished by recording the emission spectrum from a 10-6 M solution 

of PBA receptor prepared in acetone at the excitation wavelength of 341 nm, as obtained from 

the UV-Vis measurements. The standard quartz cuvette was used and the samples were 

continuously stirred with a magnetic stirrer at 23°C to maintain consistency during 

measurements. The emission spectrum of the mixture was recorded immediately. Since the ZnO 

nanosensor proposed in this dissertation is a solid-state (dried nanowires) sensor, the next step 

was to obtain the fluorescence characteristics of the pure PBA and ZnO-PBA heterostructure in 

the solid-state phase. This process was followed by the measurement of fluorescence spectrum in 

presence of the saturated p-nitrophenol vapor in the test chamber.  However, the measurements 

with a conventional spectrofluorometer were difficult to obtain. The conventional 

spectrofluorometers are designed to accommodate standard size cuvettes (3.5 mL, 1 cm path 

length) and implicitly utilize solutions for obtaining measurements. Therefore, modifications in 

the instrument’s sampling chamber were made to obtain consistent photoluminescence 

measurements from the PBA-ZnO nanowire heterostructures along with the solid-state pure PBA 

receptor. Since the detection of signal in a spectrofluorometer takes place orthogonal to the 

excitation source, in principle, the quartz cuvette can be replaced with a quartz plate, which is 
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placed at 45 degrees to both the source and detector. This would direct a significant amount of 

signal onto the detector making fluorescence measurements of the solid-state samples possible. 

The measurement assembly used is illustrated in figure 30.  

 

Figure 29. Sampling chamber of the fluorimeter modified to take solid-state fluorescence 

measurements. Also shown is the correct orientation of quartz glass slide for measurement. 

 

We positioned the quartz glass in two 45-degree orientations; however, only one yields a better 

signal-to-noise ratio, as shown in figure 29. The fluorescence from the pure PBA in solid-state 

was measured using the aforementioned assembly. Subsequently, the sampling chamber was 

saturated with the p-nitrophenol vapors for 10 minutes to initiate the quenching process. 

Fluorescence intensity from the pure PBA sample was measured at regular intervals of 5 minutes 

to quantify the extent of quenching. This also facilitated the determination of a calibration curve 

to establish a limit of detection that can be measured with the improvised assembly, as 

mentioned above. Furthermore, fluorescence measurements from PBA-ZnO nanowire 
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heterostructures were obtained similarly followed by quantification of their quenching behavior 

after being exposed to the saturated p-nitrophenol vapor.   

 After successful validation of optical sensing behavior of the PBA-functionalized ZnO 

nanowire heterostructures, two different methodologies were tested for its integration into a 

device. First, a single ZnO nanowire device was fabricated. This was accomplished by using the 

micro-fabrication techniques of E-beam lithography and focused ion beam (FIB). Second, a 

multi-nanowire array approach was used to fabricate a device from PBA-functionalized ZnO 

nanowires grown on sapphire substrates. For fabricating a single ZnO nanowire sensor, inter-

digitated electrodes on insulting sapphire substrates were made using E-beam lithography. The 

substrates were coated with a 100 nm film of E-beam resist (PMMA A2) at 4500 rpm for 45 

seconds and baked at 180°C for 90 seconds to make them adequate for the E-beam process. An 

inter-digitated pattern designed using a CAD package with the NPGS system was written on the 

resist-coated substrates. The exposed substrates were developed using 1:1 (v/v) solution of 

MIBK and acetone for 90 seconds. A 70 nm coating of gold was then deposited and followed by 

a lift-off to complete the fabrication of inter-digitated electrodes. Thereafter, these patterned 

substrates were introduced in a focused ion beam (FIB) system (FEI Quanta 3D Dual-Beam), as 

shown in figure 30.     
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Figure 30. Focused ion beam (FIB) system for fabricating a single ZnO nanowire device. The 

nanowire was extracted, manipulated, and welded onto an inter-digitated electrode using the 

micromanipulator in-situ the instrument. 

 

  Our first design was a single ZnO nanowire attached to the inter-digitated electrode. The second 

design approach was a device fabrication utilizing PBA-functionalized ZnO nanowire arrays on a 

sapphire substrate. To fabricate this device, colloidal silver solution (Ted Pella, Inc.) in a volatile 

solvent was coated at the extremities of the PBA-functionalized nanowire substrate to function as 

electrodes. Silver was used to make an ohmic contact between functionalized ZnO nanowires 

and the electrode.  

 After device fabrication, its electrical properties were tested using a semiconductor 

parameter analyzer (Agilent Technologies). I-V curves of both the pristine and PBA-
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functionalized ZnO nanowire array devices were measured. It is to be noted that testing of 

devices based on single ZnO nanowire was not pursued due to alteration of the chemical 

composition of the device from the unavoidable contamination during the device fabrication 

procedure. This design permits transduction of optical response from the sensor to an 

amperometric signal, which makes it easier to measure with the conventional electronics without 

the use of sophisticated optical detectors. However, utilizing sophisticated optical detection and 

transduction electronics will only serve to improve the sensitivity and selectivity of the device 

while minimizing false positive rates. This will be discussed in Chapter 7.  

 

6.3. Sensor refreshing approach 

 To determine the appropriate refreshing methodology for the fabricated sensor, 

thermogravimetric analysis (TGA) was used. Nitrogen gas was used as a purging gas. First, pure 

PBA powder was tested for weight loss from the range of 25-600°C with the temperature rate of 

5°C/min in a TGA/DSC 1-Thermogravimetric Analyzer (Mettler Toledo, Inc.) Values from the 

blank run were automatically subtracted from the data. Second, PBA-functionalized ZnO 

nanowire samples were subjected to the TGA analysis under similar experimental conditions. 

Results from both sets of experiments were used to suggest a possible strategy to refresh the 

sensor. The results obtained and the associated analysis is presented in Chapter 7. 
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CHAPTER 7 

TESTING NANOSENSORS AND SYSTEM INTEGRATION 

7.1. Introduction 

 This Chapter focuses on validating the PBA-functionalized ZnO nanowire sensors 

through the optical and electrical characterization techniques. A single nanowire device was 

fabricated and then followed by the multinanowire array sensor devices. Subsequently, the 

electrical and optical measurements were recorded used to demonstrate the functional 

capabilities of p-nitrophenol vapor exposure. A verification of the opto-electronic sensing 

behavior in the PBA-ZnO heterostructure was demonstrated through the current-voltage 

measurements in room temperature. Finally, we discuss possible strategies to refresh the 

nanowire sensor and system integration to unmanned platform.  

 

7.2. Characterization 

7.2.1. Electrical property measurements 

For developing a nanosensor to be used for field applications, mere establishment of 

optical sensing chemistry is not sufficient. Deployment of an amperometric measurement 

technique in concomitance with the optical transduction mechanism is, therefore, essential to 

achieve a truly opto-electronic detection platform. Accordingly, two distinct device fabrication 

methodologies were investigated: a single ZnO nanowire and a multi-nanowire ZnO array 

devices. The advantages and disadvantages of both device types are highlighted in table 1.  
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Table 1. Comparison of single- and multi-nanowire devices. 

Single Nanowire Device Multi-nanowire Array Device 

Advantages Disadvantages Advantages Disadvantages 

• Molecular level sensitivity 
• Small footprint 
• Low power 
• Ambient operation 

• Low reliability 
• Erratic sensing 
• Expensive fabrication 
• Contamination sensitive 
 

• Cost effective 
• Sufficient resolution 
• Easy hardware interface 
• Ambient operation 
• High reliability and 

scalability 
• High sensitivity and 

selectivity 

• Less molecular resolution 
• Difficult to make terminal 

connections to array 
• Packaging challenges 
 

 

A single ZnO nanowire device was fabricated by using E-beam lithography and focused 

ion beam (FIB) equipped with a micromanipulator. Figure 31 shows the schematic rendering of 

the single ZnO nanowire device, whereby a single ZnO nanowire was contacted with platinum 

electrodes at its extremities to complete the fabrication.  

 

Figure 31. Schematic of a single ZnO nanowire device.  

 

A single PBA-functionalized ZnO nanowire was extracted from the ensemble of ZnO nanowires 

grown on the substrate. Using the FIB micromanipulator, a nanowire was placed across the inter-

digitated electrodes, which was fabricated with E-beam lithography. Figure 32(a) and (b) 

illustrate the E-beam mask design and the completed inter-digitated gold electrodes, respectively.  
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Figure 32. (a) E-beam mask design for inter-digitated electrode, and (b) Optical micrograph of 

the completed electrode.  

 

Our choice of E-beam lithography over the photolithography was made purely due to its 

availability at the Central Analytical Facility. However, the photolithography would have been a 

common technique. Subsequent to positioning the nanowire across the electrodes, platinum was 

deposited at its extremities to complete the fabrication of the device. The complete process of 

device fabrication in-situ using FIB is illustrated in figure 33. Pt deposition was achieved using a 

gas injection system installed in the FIB.  
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Figure 33. Single nanowire device fabrication: (a) extraction, (b) and (c) manipulation, and (d) 

welding of single ZnO nanowire across the inter-digitated electrodes. 

 

Before retrieving the finished nanowire device from the FIB system, EDAX analysis of the 

exposed nanowire area was performed. It was observed that the platinum deposited using the gas 

injection system in the FIB instrument was not confined to the extremities as expected. However, 

it was unintentionally incorporated along the sensing area of the nanowire device. 

Figure 34 shows the EDAX spectrum of the selected area on the nanowire surface. 

Clearly, Pt peaks are observed in the figure, which indicate its contamination in the sensing area. 

Based on this observation, the single ZnO nanowire device was verified to be unsuitable for our 
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p-nitrophenol sensor. Furthermore, electrical tests on these single ZnO nanowire devices yielded 

unreliability and low signal-to-noise.  

 

Figure 34. EDAX spectrum of the sensing area in the single ZnO nanowire device.  

 

To mitigate issues associated with the single ZnO nanowire sensor development, a multi-

nanowire ZnO array device approach was invented. In multi-nanowire array approach, an 

ensemble of nanowires were synthesized on a sapphire substrate and then functionalized with the 

commercial grade PBA receptor. Since sapphire is implicitly insulating and has a good lattice 

matching with ZnO, it provided an ideal platform for developing a multi-nanowire array sensor 

device for p-nitrophenol detection. A schematic of the device based on the aforementioned idea 

is shown in figure 35(a), where interlinked and PBA-functionalized ZnO nanowire ensembles 

were terminated with silver electrodes at the sample extremities. Figure 35(b) depicts the actual 

fabricated sensor device. Silver was chosen as the metal for electrodes due to its work function 
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of 4.3 eV, which is approximately equivalent to the electron affinity (4.29 eV) of ZnO. Hence, 

silver electrodes are used for a low terminal contact resistance. Herein, the devices utilized for 

testing and sensor operation would be PBA-functionalized ZnO nanowire array devices. 

 

Figure 35. (a) Schematic of the multi-nanowire array device, and (b) Fabricated PBA-

functionalized ZnO nanowire array device.  

 

Figure 36 shows the I-V (current-voltage) curves of a pristine ZnO nanowire array and PBA-

functionalized ZnO nanowire array devices. We have observed that the conductance of 

functionalized device increases approximately three times as compared to the pristine ZnO 

nanowire device. The following can be inferred from this observation. The increase in electron 

concentration can be attributed to electron-rich carboxylic moiety and pyrenyl moiety. However, 

it can be stated the enhancement in conductance can be favorably exploited to detect p-

nitrophenol vapors with functionalized nanowires. 
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Figure 36. I-V characterisitics of pristine ZnO nanowire device, and PBA-functionalized ZnO 

nanowire device [117].  

 

7.2.2. Optical property measurements  

To establish opto-electronic operation of the nanowire sensor, optical property of the receptor on 

the ZnO nanowires was investigated. The excitation behavior of PBA was determined by UV-

Vis spectroscopy. This information was crucial as it established the excitation wavelength of the 

PBA receptor that will be utilized for future experimentation. As shown in figure 37, the 

spectrum exhibits clear absorption centered around 341 nm. The spike at 326 nm is indicative of 

absorption by the cuvette used and is insignificant from the experimental standpoint. For 

determining the sensitivity of PBA receptor towards trace quantities of p-nitrophenol analyte, 

fluorescence behavior of pure PBA in dilute and concentrated phase was analyzed. 
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Figure 37. UV-Vis spectrum of a dilute PBA receptor in acetone with clear absorption around 

341 nm. The limiting resolution was of 1.5 nm with reproducibility of ±0.01 nm [78].  

 

Figure 38 shows the fluorescence spectrum of dilute and pure PBA receptor solution   

(10-6 M) along with the spectrum obtained in the presence of 5×10-7 M p-nitrophenol. The pure 

PBA fluorescence spectrum exhibits three characteristic emission peaks at 377 nm, 387 nm, and 

396 nm [118]. The drastic quenching of fluorescence intensity upon introduction of p-

nitrophenol in the pure PBA solution can be attributed to collisional interactions between the 

pyrene moieties and p-nitrophenol. These interactions, as discussed earlier, are generally 

accepted as the dominant de-excitation pathways, where energy transfer from π*-orbitals of 

pyrene groups to the π-orbitals of p-nitrophenol results in the quenching of fluorescence. 
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Figure 38. Photoluminescence spectra of pure PBA solution, and PBA solution in presence of p-

nitrophenol. Both spectra are dilute solution-phase with PBA concentration of 10-6 M and p-

nitrophenol concentration of 5×10-7 M. The excitation wavelength was 325 nm obtained with 

accuracy of 0.5 nm and repeatability of 0.1 nm [78]. 

 

Hence, the significant change in fluorescence intensity of excited-state PBA can be potentially 

utilized as a sensitive analytical method for detecting nitroaromatics, such as p-nitrophenol. 

Furthermore, PBA behaves differently in the liquid and dry phases. Therefore, it is necessary to 

investigate the quenching behavior of p-nitrophenol vapors on solid-state PBA receptor. 

Figure 39 shows the observable fluorescence behavior of a dilute PBA solution (10-6 M), 

and a concentrated PBA solution (10-4 M) upon UV excitation of 341 nm. The room temperature 

emission in the visible spectrum provides an opportunity to fabricate a sensitive sensor with cost-
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effective off-the shelf electronics, as will be demonstrated later in the Chapter. In addition, it is 

also a promising observation since the emission can be attributed to the excimer formation, as 

discussed in the preceding sections. This means that the PBA-receptor, when functionalized on 

ZnO nanowire surface, could lead to a proximity-dependent excimer formation among pyrene 

moieties.  

 

Figure 39. Photoluminescence behavior of PBA in dilute and concentrated solution. The 

excitation was performed with a UV lamp at 341 nm.   

 

To test the analytical behavior of solid-state PBA, fluorescence emission from the pure 

PBA powder was monitored under an optical excitation of 341 nm in the spectrofluorometer with 

a customized sampling chamber. As shown in figure 40, the close proximity of pyrene moieties 

in pure PBA powder results in an excimer formation [117]. Consequently, a highly intense 

emission band, centered at approximately 465 nm, is observed.  



 

86 
 

 

Figure 40. Time-dependent fluorescence quenching of solid-state PBA in presence of 

saturated p-nitrophenol vapor in the sampling chamber. The excitation wavelength was 325 nm 

obtained with accuracy of 0.5 nm and repeatability of 0.1 nm [117].   

     

This emission, however, was significantly quenched when saturated p-nitrophenol vapors were 

introduced in the chamber, as illustrated by figure 40. In the first 300 seconds, the fluorescence 

intensity was diminished by 64%, indicating enhanced sensitivity. Figure 41 shows the 

quenching percentage of pure solid-state PBA with respect to time for the same experiment. It 

was observed that the quenching behavior of solid-state PBA could be fitted to an exponential 

curve, which can be used to estimate the magnitude of quenching at different time intervals. In 

addition, this curve can also be used to calibrate the detection electronics for accurately 
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correlating the magnitude of quenching to the selectivity and sensitivity of the nanosensor for 

various analytes.  

 

Figure 41. Percentage quenching of pure PBA with respect to time upon exposure to saturated p-

nitrophenol vapors. The excitation wavelength was 325 nm with accuracy of 0.5 nm and 

repeatability of 0.1 nm. 

 

After determining the optical behavior of solid-state PBA, fluorescence behavior of the 

functionalized ZnO nanowires was tested. Figure 42 shows the time-dependent fluorescence 

behavior of the functionalized nanowires, before and after exposure to saturated p-nitrophenol 

vapors i.e. at 15 nM (1.76 ppm) concentrations. It was observed that the fluorescence intensity 

from the heterostructure was quenched by 18% in less than 60 seconds. Furthermore, this value 

is close to the value as predicted by the exponential fit in figure 41. This indicated that pyrenyl 

rings in PBA could maintain their optical characteristics even in their bound state on ZnO 
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nanowire surfaces. Consequently, it was concurred that PBA-functionalized ZnO nanowires can 

contribute to optical sensing of p-nitrophenol vapors under ambient conditions.  

 

Figure 42. Time-dependent fluorescence response of ZnO nanowire/PBA heterostructure to p-

nitrophenol vapors under ambient conditions [119]. 

 

The relatively longer detection times were attributed to the low mobility of analyte molecules 

under ambient conditions. This issue, however, can be mitigated by designing a good sampling 

chamber that enhances the mobility of analyte molecules resulting in a fast response from the 

sensor.  
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7.2.3 Functional testing of opto-electronic sensors 

The amperometric response of PBA-functionalized nanowire device was measured in 

saturated p-nitrophenol vapors. The device was optically excited with 341 nm UV stimulus while 

a bias of 0.1 V was being applied to the device. Figure 43 summarizes the results of the 

aformentioned experiment. 

 

Figure 43. Synergistic opto-electronic sensor operation under an optical and electrical stimulus. 

Upon exposure to saturated p-nitrophenol vapor (15 nM or 1.76 ppm) the conductance of the 

nanowire device was diminished. This indicated high sensitivity. 

 

It was observed that under the concurrent opto-electronic excitation condition, the conductance 

of the device decreased quickly in 45 seconds upon its exposure to saturated p-nitrophenol 

vapors under ambient conditions. This decrease in conductance can be attributed to the transfer 

of electrons from PBA/ZnO nanowire DUT (device under test) to the electron-deficient p-
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nitrophenol. This phenomenon is responsible for the quenching of optical signal from the 

heterostructure, as discussed previously. Similar measurements were also performed on five 

other devices, as shown in figure 44(a) and (b). A similar trend of conductance decline was 

observed upon exposure of the devices to p-nitrophenol vapors. The variation in initial data 

values for these devices was attributed to the manual mode of electrode deposition and the 

consequential metal-semiconductor interaction area, which alters the current density flowing 

through each device. It is to be noted that the amperometric response obtained from the sensor is 

due to optical and electrical sensing modes that operate in synergy. This signal, however, can be 

deconvoluted by employing detection electronics that record and process the optical signals 

independently. This will enhance the selectivity of the sensor platform manifold and will aid in 

the mitigation of false positives.   

 

7.2.4. Sensor refreshing technique 

After successfully validating the sensor behavior in the presence of p-nitrophenol vapors, 

the temperature range for operation was determined through the use of thermogravimetric 

analysis (TGA). The advantages of using TGA were two-fold. First, it aided in determination of 

the temperature range, where the PBA receptor coating would be stable on ZnO nanowire 

surfaces. This will serve as a measure to qualitatively determine the robustness of the device 

under field conditions, since the sensor could be subjected to a varied temperature regime while 

being deployed on the field. Second, it allowed for identification of a prospective strategy to 

reset the device. 
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Figure 44. (a) Five PBA/ZnO devices under test (DUTs), and (b) Conductance behavior 

of the DUTs before and after exposure to p-nitrophenol vapors. 
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 Figure 45(a) shows the TGA spectrum of the pure PBA receptor. It can be observed that 

in the temperature range of 250-450°C the sample exhibited maximum weight loss, which 

indicated the decomposition of PBA receptor. This establishes the maximum permissible sensor 

operation temperature to less than 250°C. Figure 45(b) supports this observation, where a TGA 

spectrum of PBA-functionalized ZnO nanowire sensing chip is demonstrated.  

 

 

Figure 45. (a) (top) TGA spectrum of pure PBA receptor, and (b) (bottom) TGA spectrum of 

PBA/ZnO heterostructure. The balance resolution was 1 µg.  
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It can be observed that the maximum weight loss in the sensing chip occurred in the temperature 

range of 250-450°C, which indicates breakdown of the chemisorped organic layer of PBA on 

ZnO nanowire surfaces. This is in agreement with the data for pure PBA decomposition as 

shown in the figure 45(a). The data in both plots were normalized to minimize the effect of 

instrument drift on the data. It was especially useful for the analysis of PBA/ZnO heterostructure, 

where subtle weight changes in the sub-milligram range could be observed. However, a drift at 

higher temperatures became significant and could not be eliminated. 

 

7.3. System integration on testing platform 

Based on aforementioned findings, it was deduced that the PBA-functionalized ZnO 

nanowire sensor was able to detect trace quantities of p-nitrophenol vapors. As part of the 

research objective, we performed system integration on unmanned platform, which contained the 

back-end electronics to integrate sensing, processing, and transmitting capabilities to a remote 

host computer system. To accomplish this task, the sensor was integrated with the analog abd the 

digital circuit boards developed in the Sensor Electronics Laboratory. The preliminary prototype 

testing and development of the circuit boards were performed by utilizing the I-V characterisitcs 

of the pristine ZnO nanowire sensor device. The sample analyte was chosen to be a readily 

available commercial carbon dioxide (CO2) gas. As was discussed in previous Chapters, our ZnO 

nanowire sensors could detect gas molecules since the mechanism of operation relies on 

modulating the oxygen vacancy concentration on nanowire surfaces. Figure 46 shows the sensor 

chip integrated to a prototype ciruit board with the capability to process the analog data from the 

sensor chip and transmit the data to a remote host using a wireless link. The assembled sensor 

was mounted on the hot plate of 150°C as the activation energy to initiate the CO2 sensing 
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process is high. Figure 47(a) shows the complete printed circuit board electronics mounted on an 

unmanned vehicle. The fabricated nanowire sensor for detecting CO2 operates at a bias voltage of 

~1 V and processes the carrier modulation happening as a result of analyte interaction to a 

current-based signal through the electronics. This electronics incorporates a microcontroller on-

board to receive, process, and transmit data at 434 MHz. At the remote module, the data obtained 

is converted to a readable format to monitor sensor activity in real-time. This is accomplished 

through a customized GUI developed at our laboratory in a high level programming language, 

C# as depicted in figure 47(b). The functional sensor operation was demostrated at the Redstone 

Arsenal in Huntsville, Alabama. We strongly believe that the same approach could be used for 

PBA-functionalized ZnO nanowire sensor to detect p-nitrophenol vapors. To complete such a 

system would, however, require an independent optical detection electronics that operates in 

parallel with the current amperometric system. The optical signal generated as a result of 

fluorescence quenching can be recorded and transmitted to the remote host using the same 

circuitry, where it can be processed to obtain two separate datasets.  

 

 

Figure 46. Pristine ZnO nanowire chip mounted on a hot plate for activating surface oxygen 

vacancies to enable carbon dioxide detection.  
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Figure 47. (a) Unmanned platform with back-end electronics to process, and transmit data to a 

remote host. (b) A snapshot of the real-time waveform from pristine ZnO nanowire sensing chip 

showing carbon dioxide detection [119].  

 

This would provide selectivity to the sensor and would help to mitigate false positives, which can 

result due to interaction of the nanosensor with unwanted nitroaromatic compounds and other 

interferents in the field. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE WORK 

8.1. Summary 

 This dissertation discusses zinc oxide nanowire based nanosensor design. We provided 

techniques of synthesis for a high quality zinc oxide nanowires and functionalization of 

nanowires. A detection of explosive vapors has become critical for the security of personnel in 

the battlefield arena. Therefore, the research topic in this dissertation is a compilation of a 

research project sponsored by the United States Army to develop novel nanosensors for high 

sensitivity and selectivity. We developed functionalized nanowire sensors to detect a 

nitroaromatic gas, p-nitrophenol, from the environment at room temperature. The sensor 

platform developed utilizes a hybrid organic-inorganic structure to detect the explosive vapors. 

 First, high quality ZnO nanowires were synthesized with a high temperature chemical 

vapor deposition process. A customized furnace was designed and assembled at The University 

of Alabama. Exhaustive optimization of the process parameters, such as temperature, gas flow 

rates, growth time, substrate placement, and precursor ratio, was performed for consistent ZnO 

nanowire growth with low defect concentrations. The nanowire growth was achieved through a 

vapor-liquid-solid (VLS) process. Gold-coated substrates were introduced in the furnace along 

with the precursor powder mixture of zinc and graphite (1:1 ratio by weight) that was placed 

upstream. After flushing the growth chamber for 5 minutes with pure argon gas, a mixed gas (2% 

oxygen-rest argon) was flown in the chamber. The temperature in the chamber was increased up 
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to 950°C and maintained for 30 minutes for nanowire growth. A strong emphasis on the quality 

of nanowires was given as the physicochemical properties of these nanostructures are directly 

correlated to their morphology and crystal structure. Different substrates, such as silicon (with 

native oxide), ZnO, and sapphire were used to grow ZnO nanowires to obtain high quality and 

hierarchical nanostructures for sensor fabrication. Subsequently, the synthesized ZnO nanowires 

were characterized to determine their physical and chemical properties. The morphology and 

crystal structure were determined by using scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). The synthesized nanowires possessed a single crystal 

structure in addition to the anticipated hexagonal symmetry. The orientational preference of ZnO 

nanowires on various substrates was determined through X-ray diffraction. Any suspected 

contamination during the growth process was ruled out by performing energy dispersive X-ray 

analysis on the pristine nanowires. It was observed that apart from zinc and oxygen no other 

contaminant was present. This is essential as doping can modify the electrical transport 

characteristics of the nanowire-based sensors significantly and could lead unreliable results. The 

optical properties of the synthesized ZnO nanowires on various substrates were determined by 

using photoluminescence spectroscopy. Optical properties of the nanowires were measured as 

our nanosensor utilizes both optical and electronic properties for operation. Through 

fluorescence measurements, it was observed that the synthesized ZnO nanowires exhibit high 

band-edge emission with negligible defect-related emission (~500 nm). Band-edge emission 

occurred at 380 nm and indicated high exciton radiative recombination, which is crucial for opto-

electronic sensor operation. In addition to the growth of ZnO nanowires on isolated substrates, a 

patterned growth of ZnO nanowires was also demonstrated, where a gold-templated square array 

pattern was fabricated by using E-beam lithography on silicon substrates. These patterned 
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substrates were subjected to nanowire growth for a possibility to achieve a sensor system that 

could detect multiple analytes.  

 Subsequent to synthesis, functionalization behavior of these nanowires was investigated. 

Carboxylic acid was chosen as the chemical moiety due to its capability to covalently bond to 

metal oxide surface. To test the functionalization behavior of synthesized ZnO nanowires, oleic 

acid with a terminal carboxylic acid group was used. The surface structure and localized bonding 

environment of the functionalized nanowires were studied through surface analytical techniques. 

Raman spectroscopy was used on both, pristine and functionalized ZnO nanowires, indicating 

covalent functionalization. This was confirmed by Fourier transform-infrared spectroscopy (FT-

IR). After analyzing the results from Raman and FT-IR spectroscopies, it was concluded that the 

carboxylic acid moiety bonded through a bi-dentate mode on the synthesized ZnO nanowire 

surfaces. 1-pyrenebutyric acid (PBA) was selected as the receptor to be chemically 

functionalized on ZnO nanowires. PBA possesses a terminal carboxylic acid group that can be 

attached to nanowire surface, while the pyrenyl moiety at the other extremity of the molecule 

provides a highly optical detection of p-nitrophenol vapors. FT-IR and X-ray photoelectron 

spectroscopy (XPS) were utilized to empirically determine the behavior of PBA receptor on ZnO 

nanowire surfaces followed by photoluminescence studies. After analyses it was concluded that 

the PBA receptor chemically binds to the ZnO nanowire surfaces through a bi-dentate mode.  

 The optical properties of the PBA-functionalized ZnO nanowires were thoroughly 

investigated. It was determined through a UV-Vis analysis of the pure PBA powder that it can be 

excited at 341 nm. It was observed that concentrated PBA in solid-phase on ZnO nanowire 

surfaces results in the formation of proximity-dependent excimers. These excimers possessed 

high quantum yield and were sensitively quenched upon introduction of saturated p-nitrophenol 
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vapors (15 nM) in the test chamber. To test the fluorescence behavior of this solid-state PBA 

receptor and PBA-functionalized ZnO nanowires, the sample chamber in the conventional 

spectrophotometer was suitably modified. It was concluded that the PBA-functionalized ZnO 

nanowires were able to selectively and sensitively detect p-nitrophenol vapors at room 

temperature.  

 Furthermore, a pristine ZnO nanowire sensor was developed to detect carbon dioxide 

(CO2) from the environment. This was done to facilitate the development of back-end electronics 

that is capable of acquisition, transmission, and processing of analog data from the sensor to a 

remote host. The developed electronics was successfully tested with the fabricated ZnO 

nanowire array sensor for detecting (CO2).  

 

8.2. Future works 

 There are still many challenges that need to be understood and overcome before the final 

product could be deployed to the battlefield. Currently, the systems that are used by the agencies 

are expensive and rely mostly on human intervention. In addition, they are limited in their 

applicability under field conditions due to laboratory-scale. Research efforts in optimizing the 

system design, detection electronics, and most importantly in developing the suitable surface 

chemistry for ZnO nanowires, can mitigate these issues.  

 We could investigate a more fundamental approach to the modeling of functionalization 

of nanowires. This would require the use of commercial packages for ab-initio or dynamics 

modeling, such as VASP, Nanohub, Virtual NanoLab, and COMSOL. Understanding the 

fundamentals behind surface modification and its associated surface chemistry would enable 

exploration of new avenues in targeted drug-delivery, medical imaging, and biological sensing.    
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 A promising area based on utilizing functionalized ZnO nanowires is the development of 

an “electronic nose”. The sensor devices that have been discussed or developed in this work are 

limited in their applicability. This means that the sensor systems are tuned to detect a single 

analyte and are not capable of detecting multiple hazardous compounds. However, some 

situations require detection of numerous explosive vapor analytes that need to be detected. One 

possible approach could involve selective patterned nanowire synthesis on a substrate by 

different receptors to make them selectively respond to a particular analyte.  

 In our conclusion, ZnO nanowires have demonstrated potential for fabricating a wide 

variety of sensors in different geometries and topologies. Continued research efforts in ZnO 

nanostructures would open new avenues, where this interesting class of nanomaterial can be used 

for sensor development for chemical, biological, and environmental applications.       

 

 

 

 

 

 

 

 

 

 

 

 



 

101 
 

 

 

 

REFERENCES 

[1] Watt J, Cheong S, Toney M F, Ingham B, Cookson J, et al., “Ultrafast Growth of 
Highly Branched Palladium Nanostructures for Catalysis” ACS Nano 4, 396 (2010) 

 
[2] Arico A S, Bruce P, Scrosati B, Tarascon J M, Schalkwijk W V, “Nanostructured 

materials for advanced energy conversion and storage devices” Nature Materials 4, 366 
(2005). 

 
[3] Kumar N, Dorfman A, Hahm J I, “Ultrasensitive DNA sequence detection using 

nanoscale ZnO sensor arrays” Nanotechnology 17, 2875 (2006). 
 

[4] Kumar B V, Naik H S B, Girija D, Kumar B, “ZnO nanoparticle as catalyst for efficient 
green one-pot synthesis of coumarins through Knoevenagel condensation” J Chem Sci 
123, 615 (2011). 

 
[5] Unalan H E, Hiralal P, Kuo D, Parekh B, Amaratunga G, et al., “Flexible organic 

photovoltaics from zinc oxide nanowires grown on transparent and conducting single 
walled carbon nanotube thin films” J Mater Chem 18, 5909 (2008). 
 

[6] Lupan O, Shishiyanu S, Chow L, Shishiyanu T, “Nanostructured zinc oxide gas sensors 
by successive ionic layer adsorption and reaction method and rapid photothermal 
processing” Thin Solid Films 516, 3338 (2008). 
 

[7] Jain P K, Huang X, El-Sayed, Ivan H, et al., “Noble Metals on the Nanoscale: Optical 
and Photothermal Properties and Some Applications in Imaging, Sensing, Biology, and 
Medicine” Accounts of chemical research 41, 1578 (2008). 
 

[8] Wang Z L, “Functional oxide nanobelts: Materials, properties and potential applications 
in nanosystems and biotechnology” Annu Rev Phys Chem 55, 159 (2004). 
 

[9] Lu X, Wang C, Wei Y, “One-Dimensional Composite Nanomaterials: Synthesis by 
Electrospinning and Their Applications” Small 5, 2349 (2009). 
 

[10] Riu J, Maroto A, Rius F X, “Nanosensors in environmental analysis” Talanta 69, 288 
(2006). 
 

[11] Broza Y Y, Haick H, “Nanomaterial-based sensors for detection of disease by volatile 
organic compounds” Nanomedicine 8, 785 (2013). 
 



 

102 
 

[12] Choi A, Kim K, Jung H I, Lee S Y, “ZnO nanowire biosensors for detection of 
biomolecular interactions in enhancement mode” Sensor Actuat B-Chem 148, 577 
(2010). 
 

[13] Ahn M W, Park K S, Heo J H, Kim D W, Choi K J, Park J G, “On-chip fabrication of 
ZnO-nanowire gas sensor with high gas sensitivity” Sensor Actuat B-Chem 138, 168 
(2009). 
 

[14] Lupan O, Chow L, Chai G, “A single ZnO tetrapod-based sensor” Sensor Actuat B-
Chem 141, 511 (2009). 
 

[15] Sharma S, Madou M, “A new approach to gas sensing with nanotechnology” Philos T 
R Soc A 370, 2448 (2012). 
 

[16] Cui Y, Wei Q, Hongkun P, Lieber C M, “Nanowire nanosensors for highly sensitive 
and selective detection of biological and chemical species” Science 293, 1289 (2001). 
 

[17] Kakati N, Jee S H, Kim S H, Lee H K, Yoon Y S, “Sensitivity enhancement of ZnO 
nanorod gas sensors with surface modification by an InSb thin films” Jpn J Appl Phys 
48, 105002 (2009). 
 

[18] Elghanian R, Storhoff J J, Mucic R C, Letsinger R L, Mirkin C A, “Selective 
Colorimetric Detection of Polynucleotides Based on the Distance-Dependent Optical 
Properties of Gold Nanoparticles” Science 22, 1078 (1997). 
 

[19] Cerruti M G, Sauthier M, Leonard D, Liu D, Duscher G, Feldheim D L, et al., “Gold 
and silica-coated gold nanoparticles as thermographic labels for DNA detection” Anal 
Chem 78, 3282 (2006). 
 

[20] Nam J M, Stoeva S I, Mirkin C A, “Bio-bar-code-based DNA detection with PCR-like 
sensitivity” J Am Chem Soc 126, 5932 (2004). 
 

[21] Li W Y, Xu L N, Chen J, “Co3O4 nanomaterials in lithium-ion batteries and gas 
sensors” Adv Funct Mater 15, 851 (2005). 
 

[22] Yuan J H, Wang K, Xia X H, “Highly ordered platinum-nanotube arrays for 
amperometric gluocose sensing” Adv Funct Mater 15, 803 (2005). 
 

[23] Wang C H, Chu X F, Wu M M, “Detection of H2S down to ppb levels at room 
temperature using sensors based on ZnO nanorods” Sens Actuators B 113, 320 (2006). 
 

[24] Sudeep P K, Shibu Joseph S T, Thomas K G, “Selective detection of cysteine and 
glutathione using gold nanorods” J Am Chem Soc 127, 6516 (2005). 
 



 

103 
 

[25] Law M, Kind H, Messer B, Kim F, Yang P D, “Photochemical sensing of NO2 with 
SnO2 nanoribbon nanosensors at room temperature” Angew Chem Int Ed 41, 2405 
(2002). 
 

[26] Liu J F, Wang X, Peng Q, Li Y D, “Vanadium pentoxide nanobelts:highly selective and 
stable ethanol sensor materials” Adv Mater 17, 764 (2005). 
 

[27] Arnold M S, Avouris P, Pan Z W, Wang Z L, “Field-effect transistors based on single 
semiconducting oxide nanobelts” J Phys Chem B 107, 659 (2003). 
 

[28] Gurlo A, “Nanosensors: towards morphological control of gas sensing activity. SnO2, 
In2O3, ZnO and WO3 case studies” Nanoscale 3, 154 (2011). 
 

[29] Li C, Zhang D H, Liu X L, Han S, Tang T, Han J, Zhou C W, “In2O3 nanowires as 
chemical sensors” Appl Phys Lett 82, 1613 (2003). 
 

[30] Zhou C W, Zhang D H, Liu Z Q, Li C, Tang T, Liu X L, Han S, Lei B, “Detection of 
NO2 down to ppl levels using individual and multiple In2O3 nanowire devices” Nano 
Lett 4, 1919 (2004). 
 

[31] Wang T H, Wan Q, Li Q H, Chen Y J, He X L, Li J P, Lin C L, “Fabrication and 
ethanol sensing characteristics of ZnO nanowire gas sensors” Appl Phys Lett 84, 3654 
(2004). 
 

[32] Fan Z Y, Lu J G, “Gate refreshable nanowire chemical sensors” Appl Phys Lett 86, 
123510 (2005). 
 

[33] Yang P D, Kind H, Yan H Q, Messer B, Law M, “Nanowire ultraviolet photodetectors 
and optical switches” Adv Mater 14, 158 (2002). 
 

[34] Klingshirn C, “ZnO: From basics towards applications” Phys Stat Sol 244, 3027 (2007). 
 

[35] Zhong Y, Djurisic A B, Hsu Y F, Wong K S, Brauer G, Ling C C, Chan W K, 
“Exceptionally long exciton photoluminescence lifetime in ZnO tetrapods” J Phys 
Chem C 112, 16286 (2008). 
 

[36] Janotti A, Van de Walle C G, “Fundamentals of zinc oxide as a semiconductor” Rep 
Prog Phys 72, 126501 (2009). 
 

[37] Cui J, “Zinc oxide nanowires” Mater Charact 64, 43 (2012). 
 

[38] Waclawik E R, Chang J, Ponzoni A, Concina I, Zappa D, Comini E, et al., 
“Functionalised zinc oxide nanowire gas sensors: Enhanced NO2 gas sensor response 
by chemical modification of nanowire surfaces” Beilstein J Nanotech 3, 368 (2012). 
 



 

104 
 

[39] Voss T, Richters J P, Dev A, “Surface effects and nonlinear properties of ZnO 
nanowires” Phys Status Solidi B 247, 2476 (2010). 
 

[40] Li J, Zhao D, Meng X, Zhang Z, Zhang J, Shen D, et al., “Enhanced ultraviolet 
emission from ZnS-coated ZnO nanowires fabricated by self-assembling method” J 
Phys Chem B 110, 14685 (2006). 
 

[41] Hong H, Shi J, Yang Y A, Zhang Y, Engle J W, Nickles R J, et al., “Cancer targeted 
optical imaging with fluorescent ZnO nanowires” Nano Lett 11, 3744 (2011). 
 

[42] Wang Y C, Leu I C, Hon M H, “Preparation and characterization of nanosized ZnO 
arrays by electrophoretic deposition” J Cryst Growth 237, 564 (2002). 
 

[43] Banerjee D, Lao J Y, Wang D Z, Huang J Y, Ren Z F, Steeves D et al.,  “Large quantity 
free standing ZnO nanowires” Appl Phys Lett 84, 2061 (2003). 
 

[44] Wu J J, Liu S C, “Low-Temperature Growth of Well-Aligned ZnO Nanorods by 
Chemical Vapor Deposition” Adv Mater 14, 215 (2002).  

[45] Bai S N, “Growth and properties of ZnO nanowires synthesized by a simple 
hydrothermal process” Mater Sci: Mater Electron 20, 253 (2009).  

[46] Ghoshal T, Biswas S, Kar S, Dev A, Chakrabarti S, Chaudhuri S, “Direct synthesis of 
ZnO nanowire arrays on Zn foil by a simple thermal evaporation process” Nanotech 19, 
065606 (2008). 
 

[47]  Chen P C, Sukcharoenchoke S, Ryu K, Gomez de Arco L, Badmaev A, Wang C, 
“2,4,6-Trinitrotoluene (TNT) chemical sensing based on aligned single-walled carbon 
nanotubes and ZnO nanowires” Adv Mater 22, 1900 (2010). 

 
[48] Napravnik J, Myslik V, Vrnata M, Vyslouzil F, Fitl P, Kopecky D, “Modification of 

detection process on ZnO sensors by ultraviolet radiation” International spring seminar 
on electronics technology 13-17 May, 1 (2009). 
 

[49] Choi A, Kim K, Jung H I, Lee S Y, “ZnO nanowire biosensors for detection of 
biomolecular interactions in enhancement mode” Sens Actuat B Chem 148, 577 (2010). 
 

[50] Zhu D, Qingguo H, Cao H, Cheng J, Feng S, Xu Y, et al., “Pol (phenylene ethynylene)-
coated aligned ZnO nanorod arrays for 2,4,6-trinitrotoluene detection” Appl Phys Lett 
93, 261909 (2008). 
 

[51] Lackowicz J, “Principles of fluorescence spectroscopy” Plenum, New York (1983). 
 

[52] Liu Y, Sowerby B D, Tickner J R, “Comparison of neutron and high-energy X-ray 
dual-beam radio- graphy for air cargo inspection” Appl Radiat Isotopes 66, 463 (2008). 
 



 

105 
 

[53] Meaney M S, McGuffin V L, “Luminescence-based methods for sensing and detection 
of explosives” Anal Bioanal Chem 391, 2557 (2008). 
 

[54] Tao S, Li G, “Porphyrin-doped mesoporous silica films for rapid TNT detection” 
Colloid Polym C 285, 721 (2007). 
 

[55] Wu J, Liu W, Ge J, Zhang H, Wang P, “New sensing mechanisms for design of 
fluorescent chemosensors emerging in recent years” Chem Soc Rev 40, 3483 (2011). 
 

[56] Shi G H, Shang Z B, Wang Y, Jin W J, Zhang T C, “Fluorescence quenching of CdSe 
quantum dots by nitroaromatic explosives and their relative compounds” Spectrochim 
Acta A 70, 247 (2008). 
 

[57] Bock C R, Connor J A, Gutierrez A R, Meyer T J, Whitten D G, Sullivan B P, et al., 
“Estimation of excited state redox potentials by electron-transfer quenching. 
Application of electron-transfer theory to excited-state redox processes” J Am Chem 
Soc 101, 4815 (1979). 
 

[58] Glazier S, Barron J A, Morales N, Ruschak A M, Houston P L, Abruna H D, 
“Quenching dynamics of the photoluminescence of Ru(bpy)(3)](2+)-pendant PAMAM 
dendrimers by nitroaromatics and other materials” Macromolecules 36, 1272 (2003). 
 

[59] Goodpaster J V, McGuffin V L, “Fluorescence quenching as an indirect detection 
method for nitrated explosives” Anal Chem 73, 2004 (2001). 
 

[60] Chen W, Zuckerman N B, Konopelski J P, Chen S, “Pyrene-functionalized ruthenium 
nanoparticles as effective chemosensors for nitroaromatic derivatives” Anal Chem 82, 
461 (2010). 
 

[61] Zhang Y, Galoppini E, “Organic polyaromatic hydrocarbons as sensitizing model dyes 
for semiconductor nanoparticles” Chem Sus Chem 26, 410 (2010). 
 

[62] Bai H, Li C, Shi G, “Pyrenyl excimers induced by the crystallization of POSS 
moieties:spectroscopic studies and sensing applications” Chem Phys Chem 9, 1908 
(2008). 
 

[63] Thyagarajan S, Galoppini E, “Large footprint pyrene chromophores anchored to planar 
and colloidal metal oxide thin films” Langmuir 25, 9219 (2009). 
 

[64] Wang X, Lu J, Xu M, Xing B, “Sorption of pyrene by regular and nanoscale metal 
oxide particles: influence of adsorbed matter” Environ Sci Technol 42, 7267 (2008).  
 

[65] Krausa M, Reznev A A, “Vapour and trace detection of explosives for anti-terrorism 
purposes ” Springer, Dordrecht (2004).  



 

106 
 

[66] Uzer A, Ercag E, Apak R, “Selective spectrophotometric determination of 
trinitrotoluene, trinitrophenol, dinitrophenol and mononitrophenol” Anal Chim Acta 
505, 83 (2004). 
 

[67] Almasi A, Fischer E, Perjesi P, “A simple and rapid ion-pair HPLC method for 
simultaneous quantitation of 4-nitrophenol and its glucuronide and sulfate conjugates”  
J Biochem Biophys Met 69, 43 (2006). 
 

[68] Masque N, Marce R M, Borull F, Cormack P A G, Sherrington D C, “Synthesis and 
evaluation of a molecularly imprinted polymer for selective on-line solid-phase 
extraction of 4-Nitrophenol from Environmental Water” Anal Chem 72, 4122 (2000). 
 

[69] Yang R H, Wang K M, Long L P, Chan W H, Yang X H, “A selective PVC membrane 
for di- or trinitrophenol based on N,N-dibenzyl-3,3',5,5'-tetramethylbenzidine” Analyst 
127, 119 (2002). 
 

[70] Patra D, Misra A K, “Fluorescence quenching of benzo[k]fluoranthene in poly(vinyl 
alcohol) film: a possible optical sensor for nitro aromatic compounds” Sens Actuators B 
80, 278 (2001). 
 

[71] Thomas S W, Amara J P, Bjork R E, Swager T M, “Amplifying fluorescent polymer 
sensors for the explosives taggant 2,3-dimethyl-2,3-dinitrobutane (DMNB)” Chem 
Commun 36, 4572 (2005). 
 

[72] Baxter J B, Aydil E S, “Epitaxial growth of ZnO nanowires on a- and c-plane sapphire” 
J Cryst Growth 274, 407 (2005). 
 

[73] Ganesan P G, McGuire K, Kim H, Gothard N, Mohan S, Rao A M, et al., “ZnO 
nanowires by pulsed laser vaporization: synthesis and properties” J Nanosci 
Nanotechno 5, 1125 (2005). 
 

[74] Kushwaha A, Aslam M, “Defect induced high photocurrent in solution grown vertically 
aligned ZnO nanowire array films” J Appl Phys 112, 054316 (2012). 
 

[75] Wagner R S, Ellis W C, “Vapor-liquid-solid mechanism of single crystal growth” Appl 
Phys Lett 4, 89 (1964).  

[76] Gupta A, Kim B, Street S C, Watkins C, Edwards E, Brantley C, Ruffin P, “Surface 
chemistry of ZnO nanowires for nanosensor applications” J. Nanotech. Eng. & Med. 2, 
011010 (2011). 
 

[77] Liu X, Wu X, Cao H, Chang R P H, “Growth mechanism and properties of ZnO 
nanorods synthesized by plasma-enhanced chemical vapor deposition” J Appl Phys 95, 
3141 (2004). 
 



 

107 
 

[78] Gupta A, Kim B, Edwards E, Brantley C, Ruffin P, “Synthesis and Functionalization 
Study of Hierarchical ZnO Nanowires for Potential Nitroaromatic Sensing 
Applications” Applied Physics A 107, 70 (2012). 
 

[79] Gupta A, Kim B, Edwards E, Brantley C, Ruffin P, “Covalent Functionalization of Zinc 
Oxide Nanowires for High Sensitivity p-Nitrophenol Detection in Biological Systems” 
Materials Sci. & Eng. B. 177, 1583 (2012). 
 

[80] Ra H W, Im Y H, “Effect of chemically reactive species on properties of ZnO 
nanowires exposed to oxygen and hydrogen plasma” Nanotechnology 19, 485710 
(2008). 
 

[81] Moreira N H, Rosa A L D, Frauenheim T, “Covalent functionalization of ZnO surfaces: 
A density functional tight binding study” Appl Phys Lett 94, 193109 (2009). 
 

[82] Richters J P, Dev A, Muller S, Niepelt R, Borschel C, Ronning C, Voss T, “Influence 
of metallic coatings on the photoluminescence properties of ZnO nanowires” Phys Stat 
Sol 3, 166 (2009). 

[83] Li J, Zhao D, Meng X, Zhang Z, Zhang J, Shen D, et al., “Enhanced ultraviolet 
emission from ZnS-coated ZnO nanowires fabricated by self-assembling method” J 
Phys Chem B 110, 14685 (2006). 
 

[84] Remy S, Shah S M, Martini C, Poize G, Margeat O, Heynderickx A, et al., 
“Functionalization of zinc oxide nanorods with diarylene-based photochromic 
compounds” Dyes Pigments 89, 266 (2010). 
 

[85] Yang H Y, Yu S F, Li G P, Wu T, “Random lasing action of randomly assembled ZnO 
nanowires with MgO coating” Opt Express 18, 13647 (2010). 
 

[86] Taratula O, Galoppini E, Wang D, Chu D, Zhang Z, Chen C, et al., “Binding studies of 
molecular linkers to ZnO and MgZnO nanotip films” J Phys Chem B 110, 6506 (2006). 
 

[87] Bera A, Basak D, “Photoluminescence and photoconductivity of ZnS-coated ZnO 
nanowires” Appl Mater Interfaces 2, 408 (2010). 
 

[88] Bera A, Ghosh T, Basak D, “Enhanced photoluminescence and photoconductivity of 
ZnO nanowires with sputtered Zn” Appl Mater Interfaces 2, 2898 (2010). 
 

[89] Tse C W, Leung Y H, Tam K H, Chan W K, Djurisic A B, “Tailoring and 
modifications of a ZnO nanostructure surface by the layer-by-layer deposition 
technique” Nanotechnology 17, 3563 (2006). 
 

[90] Kolmakov A, Moskovits M, “Chemical sensing and catalysis by one-dimensional 
metal-oxide nanostructures” Annu Rev Mater Res 34, 151 (2004). 
 



 

108 
 

[91] Huang J, Wan W, “Gas sensors based on semiconducting metal oxide one-dimensional 
nanostructures” Sensors 9, 9903 (2009). 
 

[92] Barsan N, Weimar U, “Conduction model of metal oxide gas sensors” J Electroceram 
7, 143 (2001). 
 

[93] Spalenka J W, Gopalan P, Katz H E, Evans P G, “Electron mobility enhancement in 
ZnO thin films via surface modification by carboxylic acid” Appl Phys Lett 102, 
041602 (2013).  
 

[94] Sadik P W, Pearton S J, Norton D P, Lambers E, Ren F, “Functionalizing Zn- and O-
terminated ZnO with thiols” Appl Phys Lett 101, 104514 (2007). 
 

[95] Petoral R M, Yazdi G R, Spetz A L, Yakimova R, Uvdal K, “Organosilane-
functionalized wide band gap semiconductor surfaces” Appl Phys Lett 90, 223904 
(2007). 
 

[96] Zhang B, Kong T, Xu W, Su R, Gao Y, Cheng G, “Surface functionalization of zinc 
oxide by carboxyalkylphosphonic acid self-assembled monolayers” Langmuir 26, 4514 
(2010). 
 

[97] Allen C G, Baker D J, Albin J M, Oertli H E, Gillaspie D T, Olson D C, et al., “Surface 
modification of ZnO using triethoxysilane-based molecules” Langmuir 24, 13393 
(2008). 
 

[98] Mahmood I, Guo C, Xia H, Ma J, Jiang Y, Liu H, “Lipase immobilization on oleic 
acid-pluronic (L-64) block copolymer coated magnetic magnetic nanoparticles” Ind 
Eng Chem Res 47, 6379 (2008). 
 

[99] Badre C, Dubot P, Pauporte T, Turmine M, “Effects of nanorod structure and 
conformation of fatty acid self-assembled layers on superhydrophobicity of zinc oxide 
surface” J Colloid Interface Sci 316, 233 (2007). 
 

[100] Gupta A, Kim B, Edwards E, Brantley C, Ruffin P “ZnO Nanowires for Biosensing 
applications”, Proc. of IEEE- NANO 1, 1615 (2011).  
 

[101] Deng D, Martin S T, Ramanathan, “Synthesis and characterization of one-dimensional 
flat ZnO nanotower arrays as high-efficiency adsorbents for the photocatalytic 
remediation of water pollutants” Nanoscale 2, 2685 (2010). 
 

[102] Ooi P, Lee S, Ng S, Hassan Z, Hassan H A, “Far infrared optical properties of bulk 
wurtzite zinc oxide semiconductor” J Mater Sci Technol 27, 465 (2011). 
 

[103] Eastwood D, Fernandez C, Yoon B Y, Sheaff C N, Wai C M, “Fluorescence of 
aromatic amines and their fluorescamine derivatives for detection of explosive vapors” 
Appl Spectro 9, 958 (2006). 



 

109 
 

 
[104] Kang J, Ding L, Lu F, Zhang S, Fang Y, “Dansyl-based fluorescent film sensor for 

nitroaromatics in aqueous solution” J Phys D: Appl Phys 39, 5097 (2006). 
 

[105] Dale T J, Rebek J, “Fluorescent sensors for organophosphorus nerve agent mimics” J 
Am Chem Soc 128, 4500 (2006). 
 

[106] Law M, Greene L E, Johnson J C, Saykally R, Yang P, “Nanowire dye-sensitized solar 
cells” Nat Mater 4, 455 (2005). 
 

[107] McGuffin V L, Goodpaster J V, “Polycyclic aromatic compounds, fluorescence 
quenching” Wiley, New York (1998).  
 

[108] Bowers G N, McComb R B, Christensen R G, Schaffer R, “High-purity 4-nitrophenol: 
purification, characterization, and specifications for use as a spectrophotometric 
reference material” Clin Chem 26, 724 (1980). 
 

[109] Niedziolka M J, Kaminska A, Opallo M, “Pyrene-functionalised single-walled carbon 
nanotubes for mediatorless dioxygen bioelectrocatalysis” Electro Chim Acta 55, 8744 
(2010). 
 

[110] Meaney M S, McGuffin V L, “Investigation of common fluorophores for the detection 
of nitrated explosives by fluorescence quenching” Anal Chem Acta 610, 57 (2008). 
 

[111] Yamanaka S A, Charych D H, Loy D A, Sasaki D Y, “Solid phase immobilization of 
optically responsive liposomes in sol-gel materials for chemical and biological sensing” 
Langmuir 13, 5049 (1997). 
 

[112] Kim S K, Bok J H, Bartsch R A, Lee J Y, Kim J S, “A fluoride-selective PCT 
chemosensor based on formation of a static pyrene excimer” Org Lett 7, 4839 (2005). 
 

[113] Bai H, Li C, Shi G, “Rapid nitroaromatic compounds sensing based on oligopyrene” 
Sens Actuators B 130, 777 (2008). 
 

[114] Fujiwara Y, Amao Y, “An oxygen sensor-based on the fluorescene quenching of 
pyrene chemisorbed layer onto alumina plates” Sens Actuators B 89, 187 (2003). 
 

[115] Shiraishi Y, Tokitoh Y, Nishimura G, Hirai T, “Solvent-driven multiply configurable 
on/off fluorescent indicator of the pH window: A diethyllenetriamine bearing two end 
pyrene fragments” J Phys Chem B 111, 5090 (2007). 
 

[116] Birks J B, “Excimers” Rep Prog Phys 38, 903 (1975). 
 

[117] Gupta A, Spryn M, Kannan S, Kim B, Edwards E, Brantley C, Ruffin P,   
“Development of synergistic opto-electronic sensing platform based on zinc oxide 



 

110 
 

semiconducting nanostructures”, Proc. of International Microelectronics Assembly and 
Packaging Society 1, 001191 (2012).  
 

[118] Ishiji T, Kaneko M, “Photoluminescence of pyrenebutyric acid incorporated into 
silicone film as a technique in luminescent oxygen sensing” Analyst 120, 1633 (1995). 
 
 

[119]  Gupta A, Spryn M, Kannan S, Kim B, Edwards E, Brantley C, Ruffin P, “Packaging 
and Sensing Platform using Opto-electronic Zinc Oxide Nano-Heterostructure 
Integration”, Proc of IEEE Electronic Components and Technology Conference 1, 
2271 (2013). 

 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

111 
 

 
 

 
 
 
 

APPENDIX 
 

SCHOLARLY WORK 
Patent  
B Kim, A Gupta, S Kannan, F Mohammed, B Ahn , “METHOD AND MODEL OF CARBON 
NANOTUBE BASED THROUGH SILICON VIAS (TSV) FOR RF APPLICATIONS”, 
Application # US 2012/0306096 (provisional). 
 

          Refereed Journals 
[1]  A. Gupta, B. Kim, R. Kasim, “Synergistic Utilization of MEMS Array Topology and 

Nanosensor Package for Trace Multiple Analyte Detection” Advanced Materials Research 
(to be published). 

 
[2] A. Gupta, B. Kim, E. Edwards, C. Brantley, P. Ruffin, “Synthesis and Functionalization 

Study of Hierarchical ZnO Nanowires for Potential Nitroaromatic Sensing Applications” 
Applied Physics A, vol.107, pp. 709-714, 2012. 

 
[3] A. Gupta, B. Kim, E. Edwards, C. Brantley, P. Ruffin, “Functionalization of ZnO nanowires 

for potential p-nitrophenol sensing applications” Advanced Materials Research, vol. 567, pp. 
228-231, 2012. 

 
[4] A. Gupta, B. Kim, S. Street, C. Watkins, E. Edwards, C. Brantley, P. Ruffin, “Surface 

chemistry of ZnO nanowires for nanosensor applications” J. Nanotech. Eng. & Med., vol. 2 
pp. 011010-011013, 2011. 

 
[5] S. Kannan, B. Kim, A. Gupta, S.H. Noh, L. Li, “Characterization of High Performance CNT-

based TSV for high frequency RF Applications” Advances in Materials Research, vol.1, pp. 
37-49, 2012. 

 
[6] B. Kim, A. Gupta, S. Kannan, B. Ahn, F. Mohammed, “Development of Novel Carbon 

Nanotube based Through Silicon Via” J. Nanotech. Eng. & Med., vol. 1, pp. 021012-
0211019, 2010. 

 
[7] A. Gupta, B. Kim, E. Edwards, C. Brantley, P. Ruffin, “Covalent Functionalization of Zinc 

Oxide Nanowires for High Sensitivity p-Nitrophenol Detection in Biological Systems” 
Materials Sci. & Eng. B., vol. 177, pp. 1583-1588, 2012. 



 

112 
 

[8] Anurag Gupta, Bruce Kim, Eugene Edwards, Christina Brantley, Paul Ruffin, “Design of 
ZnO nanowire-based Sensing System for Hazardous Vapor Detection” Smart Nanosystems 
in Engineering and Medicine (to be published) 

 
 

 Book Chapter 
[1] A. Gupta, B. Kim, D. Li, E. Edwards, C. Brantley, P. Ruffin, "Zinc Oxide Nanowires for 

Biosensing Applications”, Nanoelectronic Device Applications Handbook (CRC Press, Boca 
Raton), Chapter 51, pp. 647-655, 2013. 
 

 Refereed Conferences  
 
[1] A. Gupta. B. Kim, R. Kasim, “Novel MEMS Switch Topology and Nanosensor Package for 

Multi-Analyte Chemical Detection”, International Forum on Mechanical and Material 
Engineering, Guangzhou, China, June 13-14, pp. 1503-1507, 2013.  

 
[2] A. Gupta, M. Spryn, S. Kannan, B. Kim, E. Edwards, C. Brantley, P. Ruffin, “Packaging and 

Sensing Platform using Opto-electronic Zinc Oxide Nano-Heterostructure Integration”, IEEE 
Electronic Components and Technology Conference, Las Vegas, USA, May 28-31, pp. 2271-
2275, 2013. 

 
[3] A. Gupta, M. Spryn, S. Kannan, B. Kim, E. Edwards, C. Brantley, P. Ruffin, “ Design of 

nanosensing platform based on zinc oxide nanowire array”, IEEE International Symposium 
of Circuits and Systems- Beijing, China, May 19-23, pp. 2335-2338, 2013. 

 
[4] A. Gupta, B. Kim, E. Edwards, C. Brantley, P. Ruffin, “Functionalization of ZnO nanowires 

for potential p-nitrophenol sensing applications”, International Conference on Metallurgy 
Technology and Materials, Jeju, Korea, April 15-16 (2012). 

 
[5] A. Gupta, M. Spryn, S. Kannan, B. Kim, E. Edwards, C. Brantley, P. Ruffin, “Development 

of synergistic opto-electronic sensing platform based on zinc oxide semiconducting 
nanostructures”, International Microelectronics Assembly and Packaging Society -2012, San 
Diego, USA, September 9-13, pp. 001191-001196, 2012. 

 
[6] A. Gupta, B. Kim, D. Li, E. Edwards, P. Ruffin, C. Brantley, “ZnO Nanowires for 

Biosensing applications”, IEEE- NANO, Portland, USA, Aug 15-18, pp. 1615-1618, 2011. 
 
[7]  A. Gupta, S. Kannan, B. Kim, B. Ahn, F. Mohammed, “Development of Novel Carbon 

Nanotube TSV Technology”, IEEE Electronic Components and Technology Conference, Las 
Vegas, USA, June 1-4, pp. 1699-1702, 2010. 
 



 

113 
 

[8] S. Kannan, S. S. Evana, A. Gupta, B. Kim, L. Li, “3-D Copper Based TSV for 60 GHz 
Applications”, IEEE Electronic Components and Technology Conference, Orlando, USA, 
May 31-June 3, pp. 1168-1175, 2011. 

 
[9] S. Kannan, B. Kim, A. Gupta, S.H. Noh, L. Li, S.B. Cho, “Modeling and Characterization of 

High Performance CNT-based TSV for High Frequency Applications,” IEEE International 
Symposium on Circuits and Systems, Seoul, Korea, May 20-23, pp. 1584-1589, 2012. 

 
[10] B.  Kim, S. Kannan, A. Gupta, S.K.  Noh, L. Li, “Characterization of High Performance 

CNT-based TSV for Radar Applications, IEEE Electronics Packaging Technology 
Conference, Singapore, December 7-9, pp. 445-449, 2011. 
 
 

 
 
 
 
 


