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  Abstract 

The current research demonstrates new techniques for characterization of electrical transport 

properties of the metal oxide polycrystalline structures, gas and vapor phase kinetics, surface 

processes such as gas-surface, vapor-surface interactions and redox processes by applying 

novel gas sensing devices. Real-time sensor electrical response characteristics obtained under 

highly controlled laboratory conditions have been used to characterize corresponding surface 

interactions and electrical properties of the gas sensitive structures. Novel redox chemical 

sensors (chemiresistors) have been fabricated with 3-D and 1-D ZnO coated nanospring (NS) 

structures. Silica NSs served as insulating scaffolding for a ZnO gas sensitive layer and has 

been grown via a vapor-liquid-solid (VLS) mechanism by using a chemical vapor deposition 

(CVD) technique. The NSs have been coated with polycrystalline ZnO by atomic layer 

deposition (ALD). The chemiresistor devices have been thoroughly characterized in terms of 

their crystal structures (by XRD, FESEM, TEM, and ellipsometry) and their electrical 

response properties. A 3-D gas sensor has been constructed from a xenon light bulb by coating 

it with a 3-D zinc oxide coated silica nanospring mat, where the xenon light bulb served as a 

sensor heater. This inexpensive sensor platform has been used to characterize gas-solid, vapor-

solid, and redox processes. The optimal temperature of the gas sensitive ZnO layer, the 

temperature of the vapor-gas mixture and the crystal structure of the gas sensitive layer have 

been determined to reach the highest sensitivity of the gas sensors. The activation energy of 

toluene oxidation (Ed) on the ZnO surface and the activation energy of oxidation (Ea) of the 

depleted ZnO surface have been determined and analyzed. A 1-D chemiresistor has been 

fabricated with a single ZnO coated silica nanospring by photolithography. The question of 

sensor sensitivity of MOS nanomaterials and MOS thin films has been addressed. The 
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experimental and computational analyses of the sensing properties of the 3-D (nanospring-

based) and flat thin films structures show that the complexity and periodic boundary 

conditions of the nanospring-based devices result in a lower detection limit, while flat thin 

films exhibit higher sensitivity to small analyte concentration fluctuations. Our analysis shows 

that the productive approach to fabrication of integrated sensors (electronic noses) is to use 

both the structures (3D and flat geometries) as the receptors for a prompt and reliable detection 

and recognition of the target chemical compounds. Analog lock-in amplifier (LIA) AC 

measurements of the electrical response have been performed to significantly improve the 

signal-to-noise ratio (SNR) and reduce the detection limit of the single ZnO coated nanospring 

chemiresistor from the ppm to the ppb analyte concentration ranges. The LIA-based sensor 

signal recognition technique has shown to extend the capabilities of the gas sensor array for a 

linear discrimination analysis (LDA), an independent component analysis (ICA), a principal 

component analysis (PCA) and other multiple odor recognition methods. 
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CHAPTER 1 

Introduction 

1.1 Sensor Application of Nanomaterials 

A chemical sensor is a device that transforms chemical information (concentration, 

composition, partial pressure, etc.) of an analyte present in the designated environment into 

an analytically useful signal (typically electric or optical signals). In general, sensors contain 

two main parts in series, namely, a chemical recognition system (receptor) and a transducer 

(Fig. 1.1 a). The receptor interacts with analyte species converting the chemical information 

into a form of energy, which can be measured by the transducer. The transducer converts this 

energy into analytical signals, which can be electrical or optical among others.  

 In general, sensors can be subdivided into physical sensors, chemical sensors, and 

biochemical sensors [1]. Physical sensors produce analytical signals in response to physical 

processes, such as mass, absorbance, refractive index, temperature, or conductivity change. 

Chemical sensors provide analytical information about chemical composition of analytes. The 

sensing mechanism of this type of sensors is based on chemical interactions (reactions) 

between analyte species and the sensor receptor. Biochemical sensors are a subclass of 

chemical sensors, which are used to detect and recognize biological components, such as cells, 

proteins, nucleic acids, etc. It is often impossible to distinguish between physical and chemical 

sensors, as is in the case of a gas sensor in which the signal is a result of gas adsorption. 

 Typically, a gas sensing device consists of the following main components (see Fig. 

1.1 b): 

 Gas sensitive layer (receptor) 
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 Substrate (which is a scaffolding for the sensitive layer) 

 Electrodes 

 Heating element 

 

Figure 1.1 Schematic representation of (a) receptor/transducer/signal model and (b) 

gas sensor structure. 

It is critical for practical applications that the gas sensor systems should be compact, 

portable devices, which are able to promptly and reliably detect and recognize analyte 

compounds. The power consumption of gas sensors should be as low as possible and the heat 

losses corresponding to conduction, convention or the heater radiation should be minimized. 

Obviously enough, miniaturization of the gas sensing elements by utilizing the recent micro- 

and nanofabrication techniques [2–7] is the only way to meet these requirements. 
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 The nanoscale gas sensors demonstrate higher sensitivity, lower detection limit, 

shorter response and recovery times, wider dynamic range (analyte concentration range 

between the detection limit and the highest limiting concentration of a sensor), lower working 

temperature, and more heat shock resistant than their macro-counterparts. The nanomaterials 

are very susceptible to changes at their surfaces due to the fact that the characteristic length 

scales of the surface interactions are comparable to the dimensions of the nanomaterials. 

Hence, sensing is one of the most advantageous application of nanostructures [1–14]. 

1.2 Metal Oxide Semiconductor Gas Sensors 

 Nowadays, metal oxide semiconductors (MOSs) are widely used for detection and 

recognition of a vast range of gases and vapors. Typically, the analytes of interest include 

hydrocarbons, alcohol vapors, carbon oxides, nitrogen oxide, hydrogen, ammonia, vapors of 

explosives and their residues, etc. Nanoscale MOSs, such as polycrystalline 2-D 

nanostructures of ZnO, TiO2, SnO2 currently dominate as sensitive layers in gas sensors due 

to the fact that these n-type semiconductor materials at moderately elevated temperature 

adsorb atmospheric oxygen to form a reactive surface ‘layer’ of O2
−, O− and O2− species. In 

terms of the electrical properties, the formation of the ionized molecular (O2
−) and atomic (O−, 

O2−) species at the surface indicates that the n-type MOS thin films are highly susceptible to 

the catalytic oxidations of the gaseous analyte compounds at their surfaces. As a result, the 

MOS nanostructures are commonly utilized as gas sensitive layers in chemiresistors [1–14]. 

It has been reported [12–14] that at the MOS temperature below 150°C the molecular form of 

oxygen prevails, while above 150°C the ionic oxygen species dominates. In general, the 

surface oxidation/reoxidation (redox) process can be described by the reaction [1] 
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 𝛽

2
O2
(atm)

+ 𝛼𝑒− + 𝑆 ⟷ O𝛽
𝛼− (surf)

, 
(1.1) 

where O2
(atm)

 and O𝛽
𝛼−(surf)

 are an oxygen molecule in the ambient atmosphere and the 

chemisorbed oxygen, respectively; 𝑒− denotes the electrons from the near surface MOS region 

that can reach the oxygen species at the surface; S indicates unoccupied oxygen surface sites; 

coefficients =1 or 2 and =1 or 2 correspond to the singly or doubly ionized and to atomic 

or molecular oxygen forms, respectively. The oxygen chemisorption process leads to the 

formation of the negative surface charge that depletes the n-type MOS layer, subsequently 

increasing the electrical resistance of the gas sensitive layer. The self-refreshing reoxidation 

of the surface enables the MOS-based chemiresistor to return to its baseline conditions. The 

discussion of the depletion layer formation and the general relations for the surface charge, 

the surface potential barrier, the characteristic depletion and the Debye lengths will be given 

in Chapter 2. 

The electrical response to the analyte vapor present in the ambient atmosphere is 

attributed to the catalytic oxidation of the target compound at the MOS surface and 

corresponding stripping of chemisorbed oxygen species from the surface. In turn, this reduces 

the surface charge and increases the conductance of the MOS gas sensitive layer.  

The reaction equation for the analyte oxidation process depends on the type of the 

target gas or vapor. For example, the catalytic oxidation of toluene vapor can be expressed in 

the form of two different reactions. The first reaction is dehydrogenation of toluene 

(C6H5CH3) to benzaldehyde (C7H6O), and the second reaction is the oxidation of 

benzaldehyde to benzoic acid (C7H6O2) [15–17] 
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Figure 1.2 Schematics of energy band configurations, potential barriers and 

electrical properties of MOS polycrystalline structure upon surface redox and 

catalytic analyte (toluene) oxidation processes. Ec and Ev are the lowest edge of the 

conduction band and the highest edge of the valence band, respectively; EF is the 

Fermi level in the n-type MOS; Ei represents the energy levels corresponding to 

defect states in MOS. 

 C6H5CH3 + 2O
− ⟶ C7H6O + H2O + 2𝑒

−,  

  (1.2) 

 C7H6O + O
− ⟶ C7H6O2+𝑒

−.  
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The self-refreshing reoxidation (redox) and catalytic analyte (toluene) oxidation processes at 

the surface and their influence on the energy band configurations, the potential barriers, and 

the electron transport properties of the polycrystalline MOS structure can be schematically 

illustrated as shown in Fig. 1.2. 

1.3 Zinc Oxide Based Gas Sensors 

 Zinc oxide (ZnO) is a II-VI semiconductor group compound with a relatively wide 

direct band gap of approximately 3.4 eV at room temperature [18]. Under usual preparation 

techniques and conditions, the ZnO semiconductor is n-type due to oxygen vacancies or zinc 

interstitials, which act as the native donor [19]. The zinc excess leads to the formation of a 

non-stoichiometric compound Zn1+O and to a structural disorder in crystal structure [20]. 

This MOS has several important properties such as good transparency, high electron mobility, 

and strong room temperature luminescence. ZnO is widely used in gas sensor applications (as 

gas sensitive layers), in piezoelectric devices, in surface acoustic wave (SAW) devices, as UV 

resistive material, as transparent conductive metal oxide electrodes, etc. 

 Outstanding gas sensing properties of ZnO nanostructures are attributed to the fact that 

the surface of Zn1+O is oxygen deficient and at elevated temperature readily oxidized in 

ambient atmosphere to result in the surface stoichiometry of ZnO. The chemisorption and 

further dissociation of oxygen on defect sites, such as oxygen vacancies or interstitial zinc 

ions, makes zinc oxide a highly sensitive material to typical MOS gaseous target compounds. 

In addition to the excellent gas sensing properties, ZnO nanostructures are attractive due to 

the various techniques currently available for their synthesis [3,4,6,10,11,21–25]. 
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1.4 Gas Sensor Applications: Practical and Fundamental 

The recent techniques in synthesis of nanostructures, such as atomic layer deposition 

(ALD) [3,4,10,22,23], chemical vapor deposition (CVD) [25–27], vapor-liquid-solid (VLS) 

method [2,28,29], physical vapor deposition (PVD) [5,21,24], etc. [6,8] allow one to precisely 

control the dimensions, shape and crystal structures of nanomaterials. On the one hand, the 

current nanostructures synthesis methods enable one to empirically determine the optimal gas 

sensor parameters for particular target compounds. The conductometric gas sensors are widely 

used for monitoring the concentrations of compounds in industrial processes, for 

environmental applications, and for detection of hazardous gases and vapors. On the other 

hand, the nanoscale gas sensing systems of different geometries with specific crystal structure 

characteristics (thickness, crystal planes orientations, grain size, etc.) are necessary for 

fundamental understanding of the corresponding chemical and physical processes, such as 

gas-solid, vapor-solid, redox processes, for studying the influence of the sensitive layer 

geometry on its electron transport properties and, hence, on electrical response characteristics. 

The chemisorption of oxygen and catalytic oxidation of various analytes on MOS 

surfaces have been intensively studied by many groups. However, there is still a strong need 

for developing new simple methods for the quantitative characterization of these processes, 

e.g., in terms of activation energies of corresponding adsorption, desorption and catalytic 

oxidation processes. In Chapter 2 of the current dissertation, we propose a new approach to 

the quantitative characterization of the aforementioned processes based on the analysis of the 

real time electrical sensor responses. 

In the last decade, various gas sensor platforms of different geometries synthesized by 

utilizing numerous fabrication techniques have been invented. While the structural, gas 
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reactive, electrical, optical properties and sensing mechanisms of the sensor devices have 

received thorough consideration, the influence of the chemiresistor geometry on its 

performance characteristics still needs to be addressed. In Chapter 3 we conduct a comparison 

of the electrical response characteristics of the ZnO thin film with those characteristics of ZnO 

coated nanospring based device. 

1.5 Overview of the Study 

 In the current dissertation, Chapter 2 is devoted to the synthesis and thorough 

characterization of a novel inexpensive redox chemiresistor constructed from a xenon light 

bulb by coating it with a 3-D zinc oxide coated silica nanospring mat. This gas sensor served 

as a platform for qualitative and quantitative characterization of gas-solid, vapor-solid, gas-

vapor, and redox processes. In Chapter 3, the MEMS gas sensor (a single ZnO coated 

nanospring chemiresistor) and its gas sensing properties are studied. The comparison of the 

electron transport properties of MOS coated 3D structures with those of MOS thin films, as 

well as the influence of the sensor geometry on its gas sensing properties are presented in 

Chapter 3. The description of the noise sources in chemiresistor gas sensors, the method for 

significant increase of the signal-to-noise ratio in sensor response, and comparison of the DC 

and analog lock-in amplifier AC measurements are reported in Chapter 4. Finally, Chapter 5 

is a summary of the study. 
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CHAPTER 2 

ZnO Coated Nanospring Mat-Based Chemiresistor 

Bakharev, P.; Dobrokhotov, V.; McIlroy, D. A method for integrating ZnO coated 

nanosprings into a low cost redox-based chemical sensor and catalytic tool for 

determining gas phase reaction kinetics. Chemosensors, 2014, 2, 56–68. 

Abstract 

A chemical sensor (chemiresistor) was constructed from a xenon light bulb by coating it with 

a 3-D zinc oxide coated silica nanospring mat, where the xenon light bulb serves as the sensor 

heater. The sensor response to toluene as a function of xenon light bulb sensor temperature 

(TLB) and vapor temperature (TV) was observed and analyzed. The optimum operational 

parameters in terms of TLB and TV were determined to be 435°C and 250°C, respectively. The 

activation energy of toluene oxidation (Ed) on the ZnO surface was determined to be 87 

kJ·mol-1, while the activation energy of oxidation (Ea) of the depleted ZnO surface was 

determined to be 83 kJ·mol-1. This study serves as proof of principle for integrating 

nanomaterials into an inexpensive sensor platform, which can also be used to characterize 

gas-solid, or vapor-solid, redox processes. 
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2.1 Introduction 

It is of the utmost interest to develop conductometric gas sensors, which are electronic 

devices for converting chemical information about the analyte into an analytically useful 

electrical, or optical, signal. There are a number of reasons for this interest. On the one hand, 

they can be used for monitoring the concentrations of components in industrial processes, for 

environmental applications, for detection of hazardous materials (e.g. explosives vapors), etc. 

On the other hand, these devices are necessary for acquiring a fundamental understanding of 

corresponding physical and chemical processes triggered by surface-molecule interactions 

(chemisorption), as well as for interpreting the electrical transport properties of gas sensitive 

materials. The use of metal oxide nanocrystalline thin films, as well as other more complex 

nano-morphologies, as the gas sensitive layers in chemiresistors is well documented [1–11]. 

These studies demonstrated that if the dimensions of the nanostructures are comparable to the 

characteristic length scales of surface interactions, the sensor will be more responsive to 

changes in surface stoichiometry. In chemiresistors the catalytic oxidation of analyte at the 

metal oxide surface depletes the surface of oxygen, which leads to a change in the surface 

depletion layer.  If the depletion layer is comparable to the dimensions of the nanostructured 

metal oxide, small changes in the depth of the surface depletion layer can produce large swings 

in the resistivity of the chemiresistor [1–11].  

In this chapter we demonstrate a method for constructing an inexpensive chemiresistor 

using ZnO coated silica nanosprings. The chemiresistor consists of a conventional xenon light 

bulb, readily purchased at a hardware store, coated with nanosprings, which in turn, are coated 

with ZnO. The xenon bulb is the heat source to activate electron hopping conduction in the 

ZnO, as well as the thermal energy need to oxidize the analyte. The mat of ZnO coated silica 
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nanosprings is an ultra-high surface area material ideally suited for detecting gas-surface and 

vapor-surface interactions. In addition to being a sensor, it can be used for qualitative and 

quantitative characterization of gas-solid and vapor-solid interactions, as well as redox 

processes. 

2.2 Material Preparation 

2.2.1 Silica Nanospring Mat Synthesis 

 

Figure 2.1 (a) – (d) Schematic representation of silica nanowire/nanospring growth 

via vapor-liquid-solid process. (e) SEM image of silica nanosprings. 

 In our study, silica (SiO2) nanosprings (NSs), used as scaffolding for the gas sensitive 

polycrystalline ZnO layer, were synthesized via the vapor-liquid-solid (VLS) mechanism. 

VLS growth of SiO2 NSs by chemical vapor deposition (CVD) was performed in a 3-zone 

tube furnace with infrared (IR) lamp-heated central zone operated at atmospheric pressure 
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[12]. A gold layer of approximately 5 nm thickness sputtered onto the surface of the light bulb 

served as the catalyst for the VLS process. The light bulb was then placed in the tube furnace 

held at approximately 350°C under a constant flow of O2 and a proprietary silicon precursor 

[US patent application 11/993452, filed 2010]. The NS VLS growth proceeds through the 

following steps (schematically shown in Fig. 2.2): 

 Gold catalyst droplets formation - When heated, the gold thin layer breaks up and 

liquid nanodroplets are formed. These droplets diffuse into larger droplets (Fig. 2.1 

(a)) and when the radii of the agglomerated droplets exceed the metal droplet 

minimum radius, Rmin, the nanowire (NW) growth can be initiated. 

Thermodynamically, the minimum metal droplet radius is given by 

 
𝑅min =

2𝑉L
R𝑇 ln(𝑠)

𝜎LV, 
(2.1) 

where VL is the molar volume of the droplet, LV is the liquid-vapor surface energy, 

and s is the degree of vapor-phase supersaturation [13– 15]. Equation (2.1) restricts 

the minimum size of metal droplets needed for NW/NS growth in the VLS process. 

 Nanowire growth - The agglomerated gold droplets absorb Si precursor vapor to 

supersaturation level, at this point NW is initiated at the liquid alloy–solid interface 

(nucleation). The silicon oxidation process takes place at the NW tip–catalyst droplet 

interface resulting in the formation of the silica NW (Fig. 2.2 (b)). The NW growth 

kinetics and the growth rate, v, are determined by the thermodynamic quantity  

called supersaturation, which is the chemical potential difference of the growth 

component species in the vapor phase and the solid crystal phase [16–18]. Based on 
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the classical crystal growth kinetics theory [18], the growth velocity, v, of the NW has 

a quadratic dependence on the supersaturation, : 

 
𝑣 = 𝛾 (

∆𝜇

𝑘𝑇
)
2

, 
(2.2) 

where is the kinetic coefficient of growth at the solid-liquid interface. In the case of 

the synthesis of the nanoscale structure with high surface-to-volume ratio, the surface 

energy of the nanostructure has a significant effect on its thermodynamic growth 

process. In the frames of the Gibbs-Thompson approach to VLS synthesis, the growth 

rate, v, turns out to be NW diameter dependent through the supersaturation, as 

follows: 

 
∆𝜇 = ∆𝜇0 −

4Ω𝛼

𝑑NW
, 

(2.3) 

where 0 is the chemical potential difference of the Si compound in the vapor phase 

and solid phase in the NW at a plane boundary (𝑑NW ⟶∞), is the atomic volume 

of Si, and  is the specific energy of the NW surface [16, 19–22]. Hence, the random 

agglomeration of gold catalyst droplets results in the formation of silica NWs of 

different diameters growing with different velocities.  

 Nanospring formation - The formation of silica NSs is attributed to the diffusion of 

gold/silicon catalyst droplets while NWs grow. Migration/diffusion of gold during 

VLS NW growth has been previously reported [17, 23–25] for the silicon NWs 

synthesized at the reaction chamber pressure ≤ 0.3 Torr (down to ultrahigh vacuum 

[23]) and at temperatures ≥450°C. Under these growth conditions, the gold migration 
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from the catalyst droplet onto the NW sidewalls, the conical forms and termination of 

growth of silicon NWs have been observed. In our case of the relatively high 

(atmospheric) pressure and low growth temperature (350°C), gold/silicon catalyst 

droplets can partially diffuse to form a nonuniform asymmetric liquid alloy structure 

as shown in Figs. 2.1 (c) and 2.1 (d). The difference in the growth rates of the silica 

NWs and the nonuniform asymmetrical properties of the liquid gold/silicon alloy 

catalyst result in the formation of the surface tension forces and corresponding torque, 

that twists the growing system around its center of mass, as schematically 

demonstrated in Figs. 2.1 (c) and 2.1 (d). Silica NSs consist of multiple silica NWs 

coherently twisted by the surface tension forces during VLS growth to form the 

structures illustrated in Figs. 2.1 (e) and 2.2 (a). The average growth rate of silica NSs 

is ~2.5 m/min, while the average silicon NWs growth rate is ~0.5 m/min [23,24]. 

This difference in the growth velocities of silicon NWs and silica NSs is attributed to 

the silicon–oxygen bonding energy in the silica structure. In terms of the 

supersaturation quantities corresponding to Si compound in the silica NS and silicon 

NW VLS processes, the following relation can be written: 

 ∆𝜇Si
(SiO2) = ∆𝜇Si

(Si)
+ 𝛿𝜇Si−O, (2.4) 

where ∆𝜇Si
(SiO2) and ∆𝜇Si

(Si)
 are the chemical potential differences of the Si compound in 

the vapor phase and solid phases in the silica NS and silicon NW, respectively; 𝛿𝜇Si−O 

is the chemical potential quantity associated with the silicon–oxygen bonding in silica 

NS structure. In other words, oxidation of silicon at the NS tip–catalyst droplet 
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interface enhances the diffusion rate of silicon compound through the liquid phase and 

increases the NS growth rate. 

2.2.2 Atomic Layer Deposition of ZnO 

The nanosprings were coated with ZnO by atomic layer deposition (ALD) [26–31]. A 

SEM micrograph of the ZnO covered nanosprings is shown in Fig. 2.2 (b). A representative 

XRD pattern for ZnO coated nanosprings is displayed in Fig. 2.2 (c). The primary ZnO peaks 

are delineated with blue lines, where the peak delineated with a red line is the diffraction line 

of the (111) plane of gold catalyst.  

ALD is a vapor-to-solid phase technique utilized for producing thin films of various 

materials. Based on sequential chemical reactions, ALD coating of silica nanosprings with 

ZnO proved to have a number of advantages over other deposition techniques (e.g. CVD [31]) 

and over self-assembled ZnO nanowire mat [32,33], such as low deposition temperature, the 

ability to precisely control coating thickness of the gas sensitive layer, the size of nanocrystals, 

and the ability to uniformly coat complex three-dimensional structures (like nanospring mats). 

A schematic of the ALD system constructed to coat silica NSs with MOSs is presented in Fig. 

2.3 (a). The pneumatically actuated valves displayed in Fig. 2.3 (a) are controlled with a PLC 

(programmable logic controller) to generate sequential alternating pulses of chemical 

precursor vapors. ALD of ZnO on the silicon dioxide nanosprings was performed in a tube 

furnace at 175°C using deionized water (H2O) and diethylzinc (DEZn) as oxygen and zinc 

sources, respectively [28,34]. The chemical formation of ZnO layer on the silica NS surface 

by ALD can be described by the repeating sequence of the following chemical reactions: 
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 ZnOH(𝑆) + (C2H5)2Zn ⟶ ZnO(C2H5)Zn
(𝑆) + C2H6, (2.5) 

   

 (C2H5)Zn + H2O ⟶ ZnOH(𝑆) + C2H6, (2.6) 

where the superscript (𝑆) denotes the surface species [28,34]. 

 

Figure 2.2 SEM micrographs of (a) a silica nanospring mat, (b) of ZnO coated 

nanosprings. (c) A XRD spectrum of ZnO coated nanosprings. 
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Figure 2.3 (a) Schematic of the ALD system utilized for ZnO deposition. (b) The 

variation of the chamber pressure during each cycle. 

Thus, the ALD chemical reaction splits the CVD process 

 (C2H5)2Zn + H2O ⟶ ZnO + 2C2H6 (2.7) 

into two half-reactions (2.5) and (2.6) [34]. 
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During the deposition, the reaction chamber was maintained at approximately 1 Torr with 

a constant flow rate of 6 sccm of Ar. An ALD cycle consisted of 150 msec DEZn pulse, 

followed by pressurization to 2.5 Torr of Ar for 10 sec, an 8 sec Ar pump/purge, a 300 msec 

water pulse, followed by another 20 sec Ar pump/purge. The variation of the chamber pressure 

during each cycle is schematically shown in Fig. 2.3 (b). A typical 50 nm ZnO coating required 

100 ALD cycles. 

2.3 Electrical Characterization 

A schematic of the gas sensor test station is presented in Fig. 2.4 (a). A standard two-

electrode test geometry was used to measure the electrical response of the xenon light bulb 

chemiresistor. The light bulb chemiresistor was mounted in a jig with spring loaded electrodes 

and a spring loaded thermocouple contacting the mat of ZnO coated silica nanosprings (see 

Figs. 2.4 (b) and 2.4 (c)). The xenon light bulb was powered using a variac. The resistance of 

the chemiresistor was measured using a Kiethley 2400 source- sense meter interfaced to a 

computer via Labview-operated data acquisition software for real time acquisition. The xenon 

light bulb sensor was placed in a tubular chamber. A continuous gas stream of synthetic air 

(20% O2 and 80% N2) into the chamber was maintained at all times. Toluene vapor was 

produced by bubbling Ar through a flask filled with toluene. Sequential pulses of toluene 

vapor were introduced into the gas stream with a solenoid valve placed downstream of the 

bubbler. Temperature regulation of the vapor-gas mixture (toluene vapor and synthetic air) 

was achieved by passing it through a heated coil of ¼” diameter stainless steel tubing. The 

calculated partial vapor pressure of the analyte in the ambient atmosphere was 1000 ppm. 
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Figure 2.4 (a) A schematic of the experimental setup used to acquire electrical 

response of the xenon light bulb chemiresistor, (b) the xenon light bulb sensor and 

(c) the light bulb sensor mounted in the jig. 

 

2.4 Results 

The electrical sensor response to toluene as a function of xenon light bulb sensor surface 

temperature (TLB) and vapor-gas mixture temperature (TV) was studied and evaluated. The 
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first set of experiments was aimed at determining the electrical response of a sensor to toluene 

vapor as a function of the xenon light bulb sensor surface temperature (TLB). The experiment 

was conducted without any heating of the vapor-gas mixture (TV = 22°C). The procedure for 

experimental data acquisition was to allow the sensor to reach steady state resistance in the 

synthetic air at a given temperature TLB, at which time it was exposed to room temperature 

pulses of the vapor-gas mixture. Note, pulses of Ar sans toluene did not produce a significant 

sensor response. The results for TLB = 280°C, 370°C, and 435°C are summarized in Figs 2.5 

(a), (b) and (c), respectively. The effect of temperature on the electronic properties of a thin 

ZnO layer deposited on the silica nanosprings is significantly different relatively to bulk ZnO. 

Heating bulk ZnO increases the number of carriers in the conduction band, which in its turn, 

leads to a drop in resistance. However, for a thin ZnO layer on silica nanosprings, where the 

length scale of surface interactions is comparable to the thickness of the layer, there are two 

competing processes. Namely, the generation of free carriers (decreasing resistance) and 

oxidation of the ZnO surface (increasing resistance). In the oxidation process, the adsorbed 

oxygen species can trap free electrons from the near-surface ZnO region (redox process) due 

to thermal activation [4,5]. Thermalizing of the electron carriers is needed to overcome the 

surface potential barrier by electron hopping and to reach the oxygen species on the ZnO 

surface. As a result of this process, a negative surface charge is formed, which depletes the n-

type ZnO semiconductor layer. 

Upon exposure to toluene vapor, the resistance changes by a factor of 3 at TLB=280°C 

(Fig. 2.5 (a)), 7 at TLB = 370°C (Fig. 2.5 (b)), and 11 at TLB = 435°C (Fig. 2.5 (c)). Note, the 

xenon light bulb chemiresistor is not self-refreshing in the synthetic air at TLB = 280°C (Fig. 

2.5 (a)), as apparent from systematic decrease in its baseline with sequential exposures. 
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However, at higher temperatures (TLB > 370°C) it is self-refreshing. The optimal (maximum) 

sensor response to room temperature pulses of toluene is at TLB=435°C (Fig. 2.5 (c)). For TLB 

> 435°C the sensor response begins to decrease (not shown), which is attributed to surface 

phonon enhanced desorption of oxygen from the ZnO surface.  

The second set of experiments was aimed at determining the chemiresistor response for 

TLB = 435°C to toluene vapor as a function of the vapor-gas mixture temperature (TV) (Fig. 

2.6). The sensor resistance characteristics were obtained at vapor-gas mixture temperatures of 

100°C, 200°C, 250°C, and 300°C, which correspond to Figs. 2.6 (a), 2.6 (b), 2.6 (c), and 2.6 

(d), respectively. From examination of Fig. 2.6, it is apparent that the electrical response 

increases with increasing TV until the maximum at TV = 250°C, at which point the response 

begins to decrease at subsequently higher temperatures. The maximum relative change in the 

sensor resistance at TV = 250°C and at TLB = 435°C is a factor of 27 (Fig. 2.6 (c)). The drop 

in sensor response for TV = 300°C (Fig. 2.6 (d)) is due to the atmospheric oxidation of the 

toluene vapor prior to reaching the light bulb surface. As a consequence, the concentration of 

unoxidized toluene reaching the ZnO surface is significantly reduced relative to lower gas-

vapor temperatures. 
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Figure 2.5 The relative changes in resistance of the light bulb ZnO nanospring sensor 

at (a) TLB = 280°C, (b) TLB = 370°C, and (c) TLB = 435°C upon exposure to sequential 

1000 ppm toluene pulses at fixed vapor-gas temperature TV = 22°C. 
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Figure 2.6 The relative changes in resistance of the xenon light bulb ZnO nanospring 

sensor upon exposure to 1000 ppm consequent toluene pulses at different vapor gas 

mixture temperatures TV and the optimal light bulb temperature TLB = 435°C. (a) TV 

= 100°C, (b) TV = 200°C, (c) TV = 250°C, and (d) TV = 300°C.  

2.5 Discussion 

The effects of chemisorption on the electrical transport properties of metal oxides is 

well documented [1–11,35–38]. In the case of ZnO1-, where the surface is oxygen deficient, 

the surface readily oxidized in ambient air to obtain the ideal surface stoichiometry of ZnO. 

The oxidation process involves either chemisorption (O2+e- = O2
-) or dissociative 
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chemisorption (O2+2e- = 2O-), where these act as traps of conduction electrons in the near-

surface region of the ZnO layer. It has been reported in the literature [5,7] that below 150°C 

the molecular adsorption of oxygen dominates, while above 150°C dissociative chemisorption 

of oxygen prevails. On the other hand, at relatively high temperatures (T > 435°C) the 

excitation of surface phonons leads to enhancement of oxygen desorption from the ZnO 

surface. The net effect is a decrease of sensor response (sensitivity) when the oxygen 

desorption rate exceeds the oxygen chemisorption rate. 

The result of oxygen chemisorption process is the formation of a surface charge (QS) 

depleting the n-type ZnO semiconductor. The width of the depletion layer L, the Debye 

screening length LD, and the height of the surface potential barrier V are related by the 

following equation [11,37]: 

 
𝐿 = 𝐿D (

𝑒∆𝑉

𝑘𝑇
), 

(2.8) 

where e is the electron charge, k is the Boltzmann constant, and T is the absolute temperature. 

The Debye screening length is given by the relationship, 

 

𝐿D = √
𝜀 𝑘𝑇

𝑒2𝑁
, 

(2.9) 

where is the dielectric constant of the material and N is the carrier density. The surface barrier 

height V is determined by the surface charge QS 

 
∆𝑉 =

𝑄𝑆
2

2𝜀𝜀0𝑁
. 

(2.10) 
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A schematic representation of the effects of surface charge depletion on the sensor 

response is illustrated in Fig. 2.7. The response to toluene is attributed to the toluene oxidation 

at the ZnO surface and the corresponding reduction of the negative surface charge. This, in 

turn, decreases the depletion width producing a drop in the sensor resistance. Self-refreshing 

re-oxidation of the ZnO surface (redox process) returns the chemiresistor characteristics to 

their baselines. 

In the case of heating the vapor-gas mixture at fixed sensor surface temperature TLB = 

435oC, two processes take place on the surface. The first is simply the filling of unoccupied 

oxygen sites, while the second is increase of dissociative chemisorption of oxygen that results 

in ionic oxygen (O-) species on the ZnO surface. On the one hand, the heating of the synthetic 

air enables oxygen to activate additional surface sites, thus, increasing the concentration of 

adsorbed oxygen species. In addition, the gas heating enhances the rate of dissociative 

chemisorption of oxygen, thus, increasing the concentration of ionic oxygen (O-) species on 

the ZnO surface. These changes in the concentration and chemical forms of surface oxygen 

lead to the increment of the baseline resistance (Fig. 2.8 (a)) and an enhancement of the sensor 

sensitivity. On the other hand, the gas heating intensifies the toluene oxidation process in the 

ambient air prior to reaching the surface. This, in turn, decreases the toluene oxidation rate at 

the ZnO surface, thereby reducing the sensitivity. The cumulative effect of the three processes 

on the chemiresistor response is illustrated by Fig. 2.8 (b). Namely, the graph demonstrates 

that the sensor response grows until the temperature of flowing gases reaches 200°C. Between 

200°C – 250°C the aforementioned effects counterbalance one another such that the sensor 

response plateaus. Above 250°C, the pre-oxidation of toluene in the synthetic air prevails, 

leading to a decline in sensitivity of the sensor. More simply stated, the activation of additional 
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oxygen sites at the ZnO surface enhances the oxidation rate of the analyte, but this is countered 

by gas phase oxidation of analyte, thereby reducing the number of unoxidized species 

impinging on the ZnO surface.  

The self-refreshing re-oxidation (redox process) of the ZnO surface and toluene 

surface oxidation processes can be described with relatively high precision by the exponential 

functions 𝜌↑ and 𝜌↓, respectively. 

 
𝜌↑ = 𝜌0 (1 − exp {−

𝑡

𝜏↑
}) , 𝑡 < 𝑡0; 

(2.11) 

   

 
𝜌↓ = 𝜌0 (1 − exp {−

𝑡0
𝜏↑
}) exp {

(𝑡0 − 𝑡)

𝜏↓
} , 𝑡 > 𝑡0; 

(2.12) 

where is the pre-exponential factor, t0 is the starting time for the introduction of toluene 

vapor into the flow of the synthetic air, and  and  are the characteristic recovery and 

response time constants, respectively, which can be determined graphically from the data as 

shown in Fig. 5 (a). The time constants  and  are inversely proportional to the oxygen 

adsorption rate Ra and the toluene oxidation rate Rd on the ZnO surface, respectively. 

 𝜏↑ ∝ 𝑅a
−1,         𝜏↓ ∝ 𝑅d

−1. (2.13) 

 



31 
 

 

Figure 2.7 (a) Exponential ‘RC-circuit’ approximation of the sensor 

response. Energy level schematics (b) of the bulk ZnO, (c) at the depleted surface of 

ZnO, and (d) upon toluene oxidation on the ZnO surface (arbitrary intrinsic Ei levels 
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correspond to defect states in n-type ZnO). Schematic energy-level diagrams of the 

polycrystalline ZnO layer (e) prior to toluene exposure and (f) after exposure and 

subsequent toluene oxidation [1–3].  

The rate of the oxygen adsorption on the ZnO surface, Ra, can be expressed in the same way 

as any kinetic process, i.e. as a product of the incident flux F of O2 molecules and the sticking 

coefficient, or sticking probability, s: 

 𝑅a = 𝐹 ∙ 𝑠. (2.14) 

The molecular flux, F, is given by the Hertz-Knudsen equation, 

 
𝐹 =

𝑃

(2𝜋𝑚𝑘𝑇GS)1/2
, 

(2.15) 

where P is the gas pressure, m is the mass of one oxygen molecule, TGS is the absolute gas 

temperature near the surface, which is usually taken as equal to the absolute surface 

temperature (TLB). The sticking coefficient s is usually expressed in an Arrhenius form [35] 

 
𝑠 = 𝐴exp {−

Ea
R𝑇LB

}, 
(2.16) 

where A is the pre-exponential factor, Ea is the activation energy of oxygen adsorption on the 

ZnO surface, and R is the universal gas constant. Hence, the oxygen adsorption rate Ra can be 

written as 

 
𝑅a = 𝐴

𝑃

(2𝜋𝑚𝑘𝑇GS)1/2
exp {−

Ea
R𝑇LB

}. 
(2.17) 
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Figure 2.8 (a) The average baseline resistance of the xenon light bulb ZnO 

nanospring sensor (TLB=435°C) at different vapor gas mixture temperatures TV. (b) 

The average change in the chemiresistor response to 1000 ppm toluene vapor at 

different vapor gas mixture temperatures TV  (TLB=435°C). 

The catalytic surface oxidation of toluene causes the corresponding desorption (depletion) of 

oxygen from the ZnO surface. The desorption rate Rd of an adsorbate from the surface can be 

described in an Arrhenius form [36], 

 
𝑅a = 𝐷exp {−

Ed
R𝑇LB

}, 
(2.18) 

where D is the pre-exponential factor and Ed is the activation energy of oxygen desorption 

due to the catalytic oxidation of toluene vapor on the ZnO surface. 

From relation (2.13) and equations (2.17), and (2.18) the activation energies Ea and Ed can be 

expressed in terms of the characteristic time constants and temperature TLB of the xenon light 

bulb chemiresistor as follows: 
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In equations (2.19) and (2.20) the superscripts (1) and (2) refer to the different absolute sensor 

temperatures TLB. The average values of the activation energies Ea and Ed, based on the above 

analysis, have been determined to be 83 kJ/mol and 87 kJ/mol, respectively. 

The graphically determined values of characteristic recovery () and response () 

time constants as functions of temperatures TLB and TV from Figures 3 and 4 are summarized 

in Table 2.1. The decrease of both the time constants with increasing xenon light bulb 

temperature (TLB) at a fixed vapor temperature of TV = 22°C is in good agreement with 

Arrhenius relationships in Eqs. (2.17) and (2.18) for the oxygen adsorption and desorption 

rates, respectively. The characteristic response time  remains constant for 22oC < TV < 

250°C, while the increase of the characteristic recovery time  with increasing TV from 22oC 

to 250°C (at the fixed sensor temperature TLB = 435°C) also correlates with Eq (2.17), under 

the assumption that the gas temperature TGS (see Eq. (2.17)) near the ZnO surface rises with 

the increment of TV. Heating the vapor-gas mixture reduces the interaction time between 

oxygen molecules and the ZnO surface and, hence, decreases the oxygen adsorption rate on 

the ZnO surface. The significant rise of both the time constants  and  at TLB = 435°C and 

TV = 300°C is attributed to the increase in the gas phase oxidation rate of toluene prior to 

reaching the ZnO surface. 
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Table 2.1 Characteristic recovery () and response () time constants at different 

xenon light bulb temperatures (TLB) and vapor gas mixture temperatures (TV). 

 TLB=280°C 

TV=22oC 

TLB=370°C 

TV=22oC 

TLB=435°C 

TV=22oC 

TLB=435°C 

TV=100°C 

TLB=435°C 

TV=200°C 

TLB=435°C 

TV=250°C 

TLB=435°C 

TV=300°C

secs 540 42.2 11.3 12 16 18 73

secs 80 3 1.2 1.2 1.2 1.2 10 

2.6 Conclusions 

A new approach to fabricating an ultra-high surface area gas sensor (chemiresistor) 

has been demonstrated. The chemiresistor was constructed directly onto the surface of a 

conventional xenon light bulb (used as a sensor heater) by coating it with a 3-D ZnO coated 

silica nanospring mat. The sensor response to the analyte (toluene vapor) is attributed to its 

oxidation at the ZnO surface, thereby creating an oxygen deficient surface of ZnO, and self-

refreshing to chemisorption of atmospheric oxygen (redox process). The activation energy of 

ZnO surface oxidation and the activation energy of toluene oxidation on the ZnO surface were 

determined to be 83 kJ·mol-1 and 87 kJ·mol-1, respectively. It was shown that the relative 

chemiresistor response is not only highly dependent on the temperature of the ZnO surface, 

but also on the temperature of the vapor-gas mixture. This can be explained by the fact that 

both the temperatures influence the density and chemical forms (molecular or ionic) of oxygen 

species on the ZnO surface and the gas phase toluene oxidation rate in the ambient 

atmosphere. The maximum sensitivity was achieved at the xenon light bulb temperature of 
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435°C and at the vapor-gas mixture temperature of 250°C, but at the expense of the sensor 

recovery time , which is optimal at a vapor-gas temperature of room temperature (22oC). 
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CHAPTER 3 

Single ZnO Coated Nanospring Chemiresistor; 

Influence of Chemiresistor Geometry on its Response Properties 

Bakharev, P.; McIlroy, D. The effect of the periodic boundary conditions of a ZnO-

coated nanospring on its surface redox-induced electrical response. Nanotechnology, 

2014, 25, 475501. 

Abstract 

A redox chemical sensor (chemiresistor) was constructed with a single ZnO coated silica 

nanospring. The chemiresistor response to toluene vapor as a function of the sensor 

temperature (TNS) and vapor temperature (TV) was measured and analyzed. The maximum 

sensitivity of the single ZnO coated nanospring device occurred at the sensor temperature 

(TNS) of 310°C and at the vapor temperature (TV) of 250°C. The characteristics of the electrical 

response of a single ZnO coated nanospring device were compared to those of a ZnO thin 

film. The single ZnO nanospring sensor was less responsive to small changes in toluene 

concentration relative to the ZnO thin film, but has a lower ultimate detection level. A 

computational model to simulate an electrical response of the single nanospring sensor and 

the thin film indicated that the differences between their response characteristics is due to the 

geometry of the nanospring and corresponding periodic boundary conditions imposed by this 

geometry, which is absent in a thin film. 



42 
 

3.1 Introduction 

 Nanomaterials have been touted as the foundation of the next generation of sensors, in 

particular semiconducting metal oxide (SMO) nanomaterials [1–18].  The arguments for 

adopting nanomaterials over conventional thin films for sensors ranges from high surface to 

volume ratios, finite size effects, etc. In the case of metal oxide nanomaterials, the sensing 

mechanism of the sensors, typically referred to as chemiresistors, is attributed to the depletion, 

or repletion, of the oxygen at the metal oxide semiconductor (MOS) surface. In turn, this 

affects the depth of the surface depletion layer, leading to significant swings in the electrical 

resistance of chemiresistor. Numerous studies have demonstrated that the magnitude of the 

swing in electrical resistance is maximized when the characteristic penetration depth of the 

depletion layer is comparable to the represented size of nanostructures, of which the sensing 

layer is comprised [1–18]. While this explains the sensing mechanism and dictates the types 

of sensing one can achieve with a semiconducting metal oxide sensor (SMOS), but in terms 

of sensor design, it is of limited use. To understand this point, consider the following. If the 

sensor application does not require a large dynamic range, i.e. one wants to measure small 

changes in a narrow range of gas concentrations, then the resolution of the sensor in this range 

is the primary design parameter. Alternatively, if the application is to identify ultralow 

concentrations of a target compound in a background, then in terms of sensor design, 

achieving the lowest possible sensing limit trumps resolution. Ultimately, one would like to 

have high resolution and sensitivity to ultralow concentrations, but they are typically 

competing parameters. So, the question begs to be asked, under what design constraints is a 

SMO nanomaterial preferable to its corresponding SMO thin film? Answering this question 

is further complicated by the following. Nanomaterials have extremely high surface area 
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relative to their bulk counterpoints, where the higher the surface area, the higher the 

concentration of active sites with which a target compound can interact. In the context of 

modifications of the depletion layer, it can be argued that a higher concentration of active sites 

will require a higher concentration of the target compound in order to access a sufficient 

number of active sites with spatial and temporal coincidence, thereby inducing a measurable 

response. Therein lies the paradox. How can a nanomaterials based sensor with extremely 

high surface area respond to ultralow concentrations of the target compound? The logical 

conclusion is that they won’t. Yet there are numerous works that have demonstrated that 

sensors constructed with SMO nanomaterials are responsive to ultralow concentrations of the 

target compound [1–27]. 

 We argue that this paradox can be resolved using geometric arguments, and that its 

resolution will lead to design criteria for SMO sensors. A SMO sensor consisting of a single 

ZnO coated silica nanospring has been constructed that demonstrates that the periodic 

boundary conditions imposed by the silica nanospring results in a lower absolute detection 

limit than a corresponding thin film SMO sensor. The results of this study are a prelude to a 

comprehensive understanding of more complex SMO sensors constructed with random arrays 

of 1-D nanomaterials. 

3.2 Experimental section 

 An insulating mat of silicon dioxide nanosprings was grown via the VLS mechanism 

in a furnace operated at atmospheric pressure. A detailed description of the process was given 

in Chapter 2, Section 2.1. Subsequently, the insulating silica NSs were conformally coated 

with ZnO nanocrystal layer by ALD technique (see Section 2.2 of Chapter 2 for details). A 
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representative XRD pattern for ZnO coated nanosprings is displayed in Fig. 3.1 (a). The 

primary ZnO peaks are delineated with blue lines, where the peak delineated with a red line 

corresponds to the diffraction line of the (111) plane of Au, where Au is a catalyst used for  

 

Figure 3.1 XRD spectra of (a) ZnO coated nanosprings and (b) the ZnO layer on 

the surface of SiO2 wafer.  
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nanospring synthesis. For comparison, XRD data of a ZnO layer grown on the surface of the 

SiO2 wafer is displayed in Fig 3.1 (b). The average thickness of the ZnO film measured by 

ellipsometry is approximately 50 nm. Figs. 3 (a) and (b) of the two XRD spectra demonstrate 

the equivalency of the ZnO crystal structures deposited by the same ALD processes on the 

substrates of different geometries. 

3.2.1 ZnO coated nanospring separation 

 The first step in a single ZnO coated nanospring device fabrication was the separation 

of individual nanosprings from ZnO coated nanospring mat. That was done by transferring 

nanosprings from as grown ZnO coated nanospring mat sample into a beaker with isopropyl 

alcohol (IPA). The nanosprings suspended in IPA were separated by sonication. Then the 

nanospring-alcohol solution was  

 

Figure 3.2 Schematics of ZnO coated nanospring separation and their transfer onto 

a glass substrate. 
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transferred onto 25 mm × 25 mm microscopic glass slides and the IPA was allowed to 

evaporate. The ZnO coated nanosprings separation in IPA solution and their transfer onto the 

glass substrate are schematically shown in Fig. 3.2. Subsequently, the electrical contacts (50 

nm of Ti layer followed by 150 nm of Au layer) with a 10 m spacing were applied to the 

glass substrate using standard photolithography and lift-off techniques. 

3.2.2 Photolithography 

 Photolithography and corresponding lift-off techniques were performed in the clean 

room environment of class 1000. The microscopic glass surface was coated with an 

approximately 7 m thick photoresist (positive resist) layer using a Laurell spin coater at 3000 

– 6000 rpm for two minutes. The sample was then placed onto a hot plate for soft baking at 

115°C. After baking the sample was covered with the appropriate photomask and exposed to 

ultraviolet (UV) light at the light dosage of 650 kJ for 30 secs using a Quintel Mask Aligner. 

The portion of the positive photoresist exposed to UV light becomes soluble in a tetramethyl 

ammonium hydroxide (TMAH) developer solution. The metallization process was performed 

by the successive sputtering of 50 nm thick titanium (Ti) and 150 nm thick gold (Au) layers. 

Titanium served as an adhesion layer for gold. The final step in the lift-off process was to 

remove the rest of the photoresist and any of its residues by washing the sample with acetone. 

A step-by-step procedure of making Ti–Au contacts by photolithography is schematically 

shown in Fig. 3.3. 
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Figure 3.3 A schematic representation of a step-by-step procedure of making Ti–

Au ohmic contacts by photolithography. 

 Prior to the electrical characterization of a single nanospring device any extra 

nanosprings/debris lying between ohmic Ti–Au contacts were removed under an optical 

microscope using micromanipulator probes to ensure that the electrical response was that of 

a single ZnO coated silica nanospring. SEM micrographs of individual ZnO coated 
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nanosprings with applied Ti–Au electrodes and schematics of a single nanospring device are 

illustrated if Figs. 3.4 (a) and 3.4 (b), respectively. 

 

 

Figure 3.4 (a) individual ZnO coated nanosprings with applied Ti–Au electrodes. (b) 

Schematic representation of a single nanospring device. 
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3.2.3 Electrical Characterization 

 The single nanospring device was mounted to a heater to enable temperature regulation. 

Two electrical probes were used to make electrical contact to the Ti – Au pads. The electrical 

measurements were acquired using a Kiethley 2400 source-sense meter interfaced to a 

computer via Labview-operated data acquisition software for real time resistance 

measurements. The single nanospring chemiresistor was placed in a chamber through which 

a continuous flow of synthetic air (20% O2 and 80% N2) was maintained at all times. 

Sequential pulses of toluene vapor were generated by the constant flow of Ar gas through a 

bubbler of liquid toluene and a solenoid valve placed downstream of the bubbler (see Fig. 3.5 

(a)). Prior to exposure to toluene vapor, the sensors were allowed to reach a steady state 

resistance in the synthetic air at atmospheric pressure.  

 The contribution of the glass substrate to the total electrical conductivity of the device 

was examined by comparing the I-V characteristics of the Ti–Au terminals with and without 

a ZnO coated nanospring present. It can be seen from the I-V curve of the open circuit at 

300°C in Fig. 3.5 (b) that only a nominal current is observed, which is attributed to residual 

carbon on the glass surface. This current is orders of magnitude less than that of the individual 

ZnO coated nanospring. Moreover, unlike the single nanospring device, the electrodes devoid 

of a ZnO coated nanospring did not respond to the analyte (toluene) vapor. 
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Figure 3.5 (a) Schematic of the two-probe measurement system used to acquire 

electrical response of individual ZnO coated silica nanospring. (b) I-V characteristics 

of a single ZnO coated nanospring device and of the electrodes without nanospring 

at temperature of 300°C. 
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3.3 Results and Discussion 

 The electrical response of the single ZnO coated nanospring device to toluene, as a 

function of sensor temperature (TNS) and vapour-gas mixture (toluene vapor and synthetic air) 

temperature (TV), was analyzed to determine the operating conditions under which the 

ultimate sensitivity can be achieved. The first set of experiments examined the dependence of 

the electrical chemiresistor response on the sensor temperature (TNS) with a toluene vapor-gas 

mixture at room temperature. The single nanospring chemiresistor response to 1000 ppm 

toluene vapor pulses for TNS = 160°C, 270°C, 310°C, and 350°C, are plotted in Figs 3.6 (a), 

3.6 (b), 3.6 (c), and 3.6 (d), respectively. At TNS = 160°C the response is 50% of the baseline, 

but the signal is prone to noise spikes due to shot and flicker noise, which become significant 

sources of noise at relatively low temperatures when thermal noise is low [28,29].  

 As expected, the response increases precipitously at TNS = 270°C, producing a 

response factor of 28. Further heating to TNS = 310°C produces the maximum response factor 

of 48, which drops to 14 at TNS = 435°C. The rise and fall in sensitivity as a function of the 

chemiresistor temperature is due to two competing processes, namely: generation of free 

carriers (decreases the resistance) and oxidation of the ZnO surface (increases the resistance). 

In the oxidation process, chemisorbed oxygen species trap “free” electrons from the near-

surface region of the ZnO (redox process) [7,9], i.e. Zn atoms are in the fully oxidized Zn2+ 

state. In addition, thermal activation is needed for electrons to overcome the surface potential 

barrier and to reach the oxygen species at the ZnO surface. In terms of the chemiresistor 

response, a negative surface charge is formed, which depletes the n-type ZnO semiconductor 

layer, thereby increasing the resistance of the film, or ZnO coated nanospring in this case. The 

reduction in the sensitivity for TNS > 310oC is attributed to the excitation of surface phonons, 
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which significantly increases the oxygen desorption rate from the ZnO surface. The maximum 

chemiresistor response for TNS = 310°C reflects the optimum temperature where a balance 

exists between the aforementioned processes. 

 

Figure 3.6 The relative changes in resistance of a single ZnO coated nanospring 

sensor upon exposure to 1000 ppm consequent pulses of toluene vapor at different 

sensor temperatures TNS (the vapor gas mixture temperature TV was set around the 

room temperature). (a) TNS =160°C, (b) TNS =270°C, (c) TNS=310°C, and (d) TNS 

=350°C. 



53 
 

 In the second set of experiments, the response of the single nanospring chemiresistor 

as a function of the vapor-gas mixture temperature (TV) at a fixed sensor temperature (TNS) of 

310°C was evaluated (Fig. 3.7). The electrical (resistance) response to 1000 ppm pulses of 

toluene/Ar in the synthetic air was obtained at TV = 200°C, TV = 250°C, and TV = 300°C, are 

displayed in Figs 3.7 (a), 3.7 (b), and 3.7 (c), respectively. The effect of preheating the vapor-

gas mixture produces a large response relative to the room temperature measurements, where 

a maximum response factor of 100 occurs at TV = 250°C. At TV = 300°C, the response drops 

precipitously to 15, along with a corresponding drop in the signal to noise ratio. 

 In Chapter 2, it was shown that as a consequence of heating the vapor-gas mixture 

(synthetic air and toluene vapor), a competition arises between the heating induced increase 

of the concentration of adsorbed oxygen species and vapor phase dissociation of the toluene. 

Heating of the synthetic air enables oxygen to activate additional surface sites and enhances 

the oxygen dissociative chemisorption rate, thereby increasing the concentration of ionic 

oxygen (O-) species on the ZnO surface. The higher concentration of O2
- and O- on the surface 

leads to the enhancement of the chemiresistor response (sensitivity) (Figs. 3.7 (a) and 3.7 (b)). 

On the other hand, the gas heating intensifies the toluene oxidation process in the ambient air 

prior to reaching the ZnO surface. That, in turn, decreases the toluene oxidation rate at the 

ZnO surface and reduces the sensitivity (Fig. 3.7 (c)). Ultimately, the highest chemiresistor 

response/sensitivity with a factor of 100 is achieved at TNS of 310°C and TV = 250°C. The 

electrical response of the single ZnO coated nanospring device to toluene at the partial vapor 

pressures of 60 ppm, 40 ppm, 20 ppm and at the sensor temperature of 310°C (without gas 

heating) is shown in Fig. 3.8 (a). The chemiresistor exhibits good linearity of the calibration 

graph (response vs analyte concentration) with a slope of 18% response change per 40 ppm 
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toluene partial pressure change. Relative changes in resistance of a thin polycrystalline ZnO 

layer deposited on the flat SiO2 surface upon exposure to toluene vapor at the partial pressures 

 

Figure 3.7 The relative changes in resistance of a single ZnO coated nanospring 

sensor upon exposure to 1000 ppm consequent pulses of toluene vapor at different 

vapor gas mixture temperatures TV. The sensor temperature TNS = 310°C. (a) TV = 

200°C, (b) TV = 250°C, and (c) TV = 300°C. 

of 60 ppm, 40 ppm, 20 ppm and at the ZnO surface temperature of 310°C (without gas heating) 

are displayed in Fig. 3.8 (b). The extrapolations of the straight calibration lines for the single 

ZnO coated nanospring device and for the ZnO layer on the SiO2 wafer are presented in Fig. 

3.8 (c). These linear extrapolations of the calibration curves correspond to the ppm  
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Figure 3.8 (a) The relative changes in resistance of a single ZnO coated nanospring 

sensor upon exposure to toluene vapor at 60 ppm, 40 ppm, and 20ppm, (b) the 

relative changes in resistance of a ZnO thin film on a flat SiO2 surface upon exposure 

to toluene vapor at 60 ppm, 40 ppm, and 20 ppm and (c) the linear extrapolations of 

the responses of a single ZnO coated nanospring chemiresistor and the ZnO thin film 

chemiresistor as a function of toluene concentration. 

concentration level only. At other concentration rages, e.g. ppb and ppt, different slopes are 

expected. The coefficients of determination, R2, of the linear extrapolations in Fig. 3.8 (c) 

have been estimated as 0.74 and 0.76 for the single nanospring device and for the ZnO layer 
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on the SiO2 wafer in the ppm range, respectively. The electrical response measurements 

conducted at the ppb level for nanospring based sensors were performed and thoroughly 

described in our papers [3-5]. The ZnO layer on a SiO2 wafer demonstrates a greater slope of 

the calibration graph and a higher sensitivity at the toluene vapor concentrations of the ppm 

level (Fig. 3.8 (b)) than the single ZnO coated nanospring device. However, at the ppb level, 

ZnO coated nanospring based chemiresistors (both a single nanospring device and a 

nanospring mat samples [2–4]) show a higher sensitivity in terms of electrical response and a 

lower detection limit than flat ZnO layers Fig. 3.8 (c)). The interpretation of the results in Fig. 

3.8 (c) is that the ZnO thin film chemiresistor will be more responsive over a narrow range 

relative to the single ZnO coated nanospring chemiresistor. Therefore, if the chemiresistor 

application is to detect small changes in analyte concentration, then the thin film chemiresistor 

is the appropriate geometry. In contrast, if the application is to measure the lowest possible 

concentration of the analyte, the nanospring based chemiresistor is the appropriate geometry. 

In effect, the parameters governing the application will dictate the choice of chemiresistor 

geometry. 

 The similarity in crystal structures of ZnO deposited on the flat SiO2 wafer and on the 

silica nanospring mat (see Fig. 3.1) indicates that the difference in gas sensing performance 

of the ZnO polycrystalline structures grown on the flat SiO2 surface and on the silica 

nanosprings stems from the influence of chemiresistor geometry on its sensitivity. It will be 

demonstrated in the proceeding section that the periodic boundary conditions of the 

nanospring is responsible for its lower detection limit. 
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3.4 Computational model 

 The preferential c-axis orientation of the ZnO crystal structure shown in Figures 1(a) 

and 1(b) can be explained by the “survival of the fastest” model described by Van der Drift 

[30]. This model states that different crystal planes orientations occur at an early stage of the 

deposition, while the fastest growing crystal planes out compete the others. In our 

experiments the fastest growing plane has the (002) c-axis orientation. 

 The quantitative model of the ZnO coating assumes a hexagonal polycrystalline 

structure with a (002) preferred orientation. The top view of this hexagonal array is 

schematically illustrated in Figs. 2.9 and 2.10. The structure is electrically modelled as an 

array of resistors, Ri j, corresponding to the interface, or grain boundary, between ith and jth 

adjacent nanocrystals. These resistances can be defined as 

 
𝑅𝑖𝑗 = 𝜌

𝐿𝑖
𝐴𝑖𝑗
, 

(3.1) 

where Li is the characteristic size of the ith
 nanocrystal; Ai j is the interface area between the ith 

and jth nanocrystals; and  is the total resistivity of the crystal structure. According to 

Matthiessen's rule 

 𝜌 = 𝜌dislocations + 𝜌grain boundaries + 𝜌impurities + 𝜌phonons +.  .  .  , (3.2) 
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Figure 3.9 Schematics of a hexagonal polycrystalline MOS structure grown with c-

axis orientation (top view). 

the total resistivity is well described as the sum of resistivities corresponding to different 

scattering sources presented in a crystalline structure, such as dislocations, grain boundaries, 

ionized impurity scattering, lattice vibrations (scattering on acoustic and optical phonons), etc. 

Since there is a distribution of nanocrystals with various characteristic lengths Li and 

interfaces areas Ai j, we assume that the resistances, Ri j, have random values in the range of R 

– R to R + R, where R is an arbitrary chosen average resistance. A well-known Kirchhoff's 

voltage law approach was used to simulate a DC electrical response of MOS coatings 

deposited on the surfaces of different geometries. The flat MOS grain structures can be 

described by the following matrix equation: 

 𝐑̂(F)𝐈(F) = 𝐕⃗⃗⃗(F), (3.3) 

where 𝐑̂
(F)

 is the L × L square resistance matrix with elements Ri j; 𝐈
(F)

 is the current vector 

column of size L; 𝐕⃗⃗⃗
(F)

 is the voltage vector column of size L with only one nonzero element 
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which corresponds to a constant applied voltage Va (see Fig. 3.10); and L is the number of 

loops schematically shown in Fig 3.10. The value of L is approximately equal to the total 

number of grains in the polycrystalline structure. 

 The MOS coated 3D structures, such as cylindrical surfaces or nanospring mats, can 

be described by the linear least squares 

 𝐑̂(3D)𝐈(3D) = 𝐕⃗⃗⃗(3D), (3.4) 

where 𝐑̂
(3D)

 is the (L+N)×L resistance matrix with elements Rij; 𝐈
(3D)

 is the current vector 

column of size L; 𝐕⃗⃗⃗
(3D)

 is the voltage vector column of size L+N with only one nonzero 

element, which once again corresponds to a constant applied voltage Va; and N is the number 

of additional linearly independent Kirchhoff's equations. These N equations correspond to 

additional loops in the electrical circuit; the appearance of these loops arises from the 

periodicity that the cylindrical cross section of the nanospring imparts on the ZnO coating, i.e. 

a random distribution of periodic boundary conditions. The additional loop related to the 

cylindrical structure with axis a is schematically illustrated in Fig. 3.10 (a) by a dash blue line 

which virtually “connects” the two nodes of the same electrical potential. Hence, N is the 

number of “connections” present in arbitrary 2D film mapped onto the 3D structure of the 

nanospring. 
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Figure 3.10 Schematics of hexagonal polycrystalline structure with a (002) 

orientation and its equivalent electrical circuit. 
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 Recalling that the response to toluene vapor is attributed to its oxidation and the 

corresponding stripping of ionized oxygen species from the ZnO surface [1–5], this, in turn, 

returns the aforementioned “trapped” electrons back into the bulk, causing a decrease in the 

potential barrier height at the nanocrystal boundaries and a corresponding reduction of the 

resistances by Ri j. Ri j are the variables of the model used to tune the degree of response of 

the resistive elements. For example, for a high analyte concentration, Ri j will be larger than 

at a low analyte concentration. The relative change in the net resistance Rnet (see Fig. 3.10) 

simulates the response of ZnO hexagonal polycrystalline structure to the reactive vapor. 

 The results of numerical computations for the net electrical responses of the hexagonal 

polycrystalline structures deposited on flat and on random cylindrical surfaces for three 

different perturbations of the matrix elements Ri j, namely Ri j = 0.1, Ri j = 0.05, and Ri j = 

0.01 are illustrated in Figs 3.11 (a), 3.11 (b), and 3.11 (c), respectively. 

 In figures 7(a) –7(c) the number N is the relative number of additional random loops 

present in 3D (cylindrical) structure, which is determined by the ratio, 

 
𝑁 =

𝑁

𝑁G
, 

(3.5) 

where NG is the total number of grains in the crystal structure. At N = 0 the 3D structure 

coincides with the flat structure. For the nanospring based systems the relative number N is 

approximately equal to the ratio of an average characteristic grain size, LG, to the 

circumference of the nanospring cross section of an average diameter, D: 
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Figure 3.11 Numerical simulations of the relative changes of the measured 

resistances Rnet as functions of N for hexagonal polycrystalline structure on flat and 

arbitrary 3D structures at different Ri j. (a) Ri j = 0.1, (b) Ri j = 0.05, (c) Ri j = 0.01. 

(d) Linear approximations of Rnet as functions of Ri j for 3D at N = 0.024 and flat 

structures. 

  

 
𝑁 =

𝐿G
𝜋 D

. 
(3.5) 

The average size of the ZnO nanocrystals of 16 nm was estimated by applying Scherrer’s eq. 

for the XRD data shown in Figs. 3.1 (a) and 3.1 (b). The average nanospring diameter is about 

150 nm. Hence, for the single ZnO coated nanospring device N = 0.034.  
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 Figs. 3.11 (a) – 3.11 (c) demonstrate that at relatively high perturbations (Rij) of the 

matrix elements (see Figs. 3.11 (a), 3.11 (b)), the electrical response, Rnet, of the flat 

polycrystalline structure is greater than the response of the nanospring, while at relatively 

small perturbations (Fig. 3.11 (c)), the electrical response of the nanospring exceeds that of 

the flat structure. The highest sensitivity of the nanospring based sensor at small perturbations 

occurs for N = 0.024. The linear approximations of the calibration graphs (response Rnet vs 

perturbations Ri j) of the nanospring (at N = 0.024) and for the flat polycrystalline structures 

are presented in Fig. 3.11 (d). The data in Figs. 3.11 demonstrate that the polycrystalline MOS 

structures deposited on a flat surface exhibit a higher slope of the calibration graph and are 

more responsive to relatively high analyte concentrations than a nanospring. On the other 

hand, for N approaching the value of 0.024, the nanospring will have a higher sensitivity at 

lower analyte concentrations and an ultimate lower detection limit than the flat structure. 

There is good agreement between Fig. 3.8 (c) and figure 3.11 (c), where the magnitude of Rij 

is analogous to the analyte concentration. 

3.5 Conclusions 

 The first of its kind single ZnO coated silica nanospring redox chemical sensor 

(chemiresistor) has been constructed, tested and numerically modelled. It has been 

demonstrated that not only is the electrical response of the sensor dependent on the 

temperature of the ZnO surface, but also on the temperature of the vapor-gas mixture 

(synthetic air and toluene vapor). These dependencies can be explained by the fact that both 

the temperatures (namely, TNS and TV) impact the concentration and chemical forms 

(molecular or ionic) of oxygen on the ZnO surface, as well as the toluene oxidation rate in the 
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ambient atmosphere. The highest sensitivity was obtained at the sensor temperature of 310°C 

and the vapor-gas mixture temperature of 250°C. The influence of the chemiresistor geometry 

on its sensitivity has been examined and analyzed by comparing the electrical response 

characteristics of a MOS polycrystalline structures deposited on a flat surface and on the 

surfaces of a nanospring, or any arbitrary structure with a cylindrical cross section. Numerical 

simulations predict that the flat geometry (a polycrystalline ZnO thin film) will be more 

responsive to small changes in analyte concentration in the appropriate range of concentration, 

while the cylindrical geometry (a polycrystalline ZnO on the silica nanospring) will exhibit a 

higher sensitivity at low analyte concentrations, as well as possess a lower ultimate detection 

limit. The experimental results and numerical simulations provide a roadmap for determining 

the appropriate choice of sensor design/geometry for the application. Namely, for ultralow 

analyte concentrations and ultimate lower detection limit, a single nanospring chemiresistor, 

or a 1D nanostructure with a cylindrical cross section with polycrystalline coating, is the 

appropriate choice. However, if a large dynamic response in a narrow range is desired, a thin 

film is the better choice. Finally, it is important to point out that the model of the nanospring 

can be applied to chemiresistors consisting of a random array of nanosprings, or like 1D 

nanostructures. 
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CHAPTER 4 

DC vs. Lock-in Amplifier AC Electrical Response Measurements 

Bakharev, P.; McIlroy, D. Signal-to-noise enhancement of a nanospring redox-based sensor 

by lock-in amplification. Sensors, 2015, 15, 13110–13120. 

Abstract 

A significant improvement of the response characteristics of a redox chemical gas sensor 

(chemiresistor) constructed with a single ZnO coated silica nanospring has been achieved with 

the technique of lock-in signal amplification. The comparison of DC and analog lock-in 

amplifier (LIA) AC measurements of the electrical sensor response to toluene vapor at the 

ppm level has been conducted. When operated in the DC detection mode, the sensor exhibits 

relatively high sensitivity to the analyte vapor, as well as a low detection limit at the 10 ppm 

level. However, at 10 ppm the signal-to-noise ratio is 5 dB, which is less than desirable. When 

operated in the analog LIA mode the signal-to noise ratio at 10 ppm increases by 30 dB and 

extends the detection limit to the ppb range. 
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4.1 Introduction 

 Gas sensors, or chemiresistors, play a critical role in gas and chemical production and 

high fuel-efficient combustion engines. In addition, they can be used in environmental 

monitoring [1,2] and to detect hazardous materials, such as explosives vapors [3–9].  Redox-

based sensors, or artificial noses, convert chemical information specific to the analyte in 

question into analytical electrical signals [4–18]. Consequently, they are also excellent 

scientific tools for molecular interactions at surfaces, be it physisorption or chemisorption. 

The use of metal oxide nanocrystalline thin films, as well as other more complex nano-

morphologies, in the capacity of gas sensitive layers in chemiresistors is well documented [4–

18]. These studies have demonstrated that the sensor is more responsive to small changes in 

surface stoichiometry (oxidation state of the metal) if the dimensions of the thin film, or the 

size of the nanostructures, of the metal oxide semiconductor (MOS) are comparable to the 

width of the intrinsic surface depletion layer. [4–18].  

 A gas sensor systems should be able to promptly and reliably identify (“detect” and 

“recognize”) the chemical compound, or compounds, of interest under ambient conditions. 

One approach to achieve this is to construct a sensor (receptor) array from which a 

multidimensional electrical response pattern, i.e., a recognition pattern, can be assigned to the 

compounds. Herein, we present a signal processing methodology using lock-in amplification 

to increase the signal to noise and absolute detection limit of a single ZnO coated silica 

nanospring redox-based gas sensor. 
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4.2 Experimental section 

 Silica nanospring synthesis, ALD ZnO coating technique, and fabrication of a single 

nanospring device by photolithography were thoroughly described in sections 3.2, 3.2.1, and 

3.2.2 of the current dissertation, respectively. 

4.2.1 DC measurements 

 The DC measurements of the electrical response of a single ZnO coated nanospring 

chemiresistor have been conducted by using the experimental test station shown in Fig. 3.5 

(a) (see Ch. 3, section 3.2.3). The DC electrical response of the sensor operated at 310 °C to 

toluene at the partial vapor pressures of 60 ppm, 40 ppm, 20 ppm, 10 ppm is presented in Fig. 

4.1. The chemiresistor exhibits good linearity of the calibration graph (response vs analyte 

concentration) with a slope of 18% response change per 40 ppm toluene partial pressure 

change.  

 The overall noise in the electrical signal illustrated in Fig. 4.1 has multiple sources and, 

in general, can be subdivided into intrinsic and extrinsic noise sources. There are many sources 

of intrinsic noise, each having unique characteristics. For DC measurements conducted for the 

single ZnO coated nanospring device, the intrinsic noise is comprised of three main 

constituents, which are thermal noise (Johnson-Nyquist noise), shot noise, and flicker (1/f) 

noise [19,20]. Thermal noise is the electronic noise generated by the thermal equilibrium 

fluctuations of charge carriers. This noise type does not depend on applied voltage. It appears 

as white noise with power density spectrum given by, 
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Figure 4.1 DC electrical response of a single ZnO coated nanospring sensor. The 

relative changes in resistance upon exposure to toluene vapor at (a) 60 ppm, 40 ppm, 

20 ppm, and (b) 10 ppm. 
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 𝑆Th = 4𝑘B𝑇NS𝑅, (1) 

where kB is the Boltzmann constant, TNS is the absolute temperature of the sensor, and R is the 

resistance of the individual ZnO coated nanospring. Heating of the ZnO thermally activates 

surface sites (such as oxygen vacancies), which subsequently chemisorb atmospheric oxygen. 

This, in turn, increases the sensor resistance R. Hence, according to equation (1), at elevated 

temperatures the thermal noise prevails over other intrinsic noise sources.  

With that said, shot noise and flicker (1/f) noise can become dominant sources of noise 

at low temperatures with diminished thermal noise (see Fig. 3.6 (a) in Ch. 3) [5]. Shot noise 

is a white noise source associated with the discreteness of the electric charge with a power 

density spectrum, SShot, given by, 

 𝑆Shot = 2𝑒𝐼, (2) 

where e is the electron charge and I is the average current in the device. Shot noise can be 

observed in electronic devices with internal potential barriers, such as potential barriers 

formed at the crystal grain interfaces and Schottky contacts. 

Two major theories have been developed to explain the physical origin of flicker (1/f) 

noise in MOS devices, namely, the number fluctuation theory (NFT) [21–23] originally 

proposed by McWhorter [24] and the bulk mobility fluctuation theory (MFT) based on 

Hooge's model [25]. According to the NFT, flicker noise arises from random trapping and 

detrapping of carriers at defects near the MOS surface and near the MOS/insulator interface 

(ZnO/SiO2 interface in this study). Hence, this type of noise can be observed mainly in 

nanoscale MOS devices with a high surface-to-volume ratio, which is the case for ZnO coated 

nanosprings. The mobility fluctuation theory attributes the 1/f noise to fluctuations in bulk 
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mobility caused by phonon scattering. According to Hooge's empirical relation, the power 

density spectrum SFl
  can be expressed as 

 
𝑆Fl = 𝛼H

𝑉2

𝑁 𝑓
, 

(3) 

where N is the total number of carriers in the semiconductor, V is the applied bias voltage, and 

H, known as Hooge's parameter, is an empirical constant used as the measure of the noise 

magnitude [25]. 

 Extrinsic noise sources include electromagnetic fields that couple into sensitive circuit 

(radiative coupling, capacitive coupling, inductive coupling, and conductive coupling), 

mechanical vibrations that trigger piezoelectric materials such as ZnO thin films [26–28] to 

generate unintended AC electrical signals, or in the present case, noise from random 

fluctuations in concentrations of flowing gases and vapors. 

4.2.2 Lock-in amplifier AC measurements  

In order to significantly increase the signal-to-noise ratio (SNR) and subsequently 

extend the lower detection limit of a ZnO-coated silica nanospring chemiresistor/sensor, the 

analog lock-in amplifier (LIA) technique has been integrated into the signal processing of 

sensor signal (see Fig. 4.2 and Fig. 4.3). The inclusion of LIA changes the operating mode of 

the sensor from DC to AC through the introduction of a modulated input signal generated by 

the function generator. The AC electrical response measurements were carried out using a 

Stanford Research Systems SR510 analog LIA. The measurement scheme of the lock-in based 

experimental set-up used to detect small amplitude modulations in AC signals of the single 

ZnO coated nanospring chemiresistor is shown in Fig. 4.3 (a). 
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Figure 4.2 A schematic of the gas sensor test station utilized to perform lock-in 

amplifier AC measurements. 

 A layout of noisy signal pathway through an analog LIA is illustrated in Fig. 4.3 (b). 

An input time-dependent signal s(t; 0) in the presence of noise n(t) is multiplied with the 

reference analog LIA waveform sref(t; 0) at the multiplier, also known as the Phase-Sensitive 

Detector (PSD). PSD generates a signal, the DC component of which is proportional to the 

amplitude of the AC input signal s(t) and depends on the phase difference between the input 

signal and the reference signal. The DC component in the PSD output signal can be extracted 

by means of the low-pass filter (LPF) with the transfer function H() and the characteristic 

band-width ∆𝜔LPF. The lock-in quality factor Q can be expressed as 

 Q =
𝜔0

∆𝜔LPF
. (4) 
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The SNR can be defined as the power ratio of a signal to the background noise 

 
SNR=

𝑃𝑠(𝑡)̅̅ ̅̅ ̅̅

𝑃𝑛(𝑡)̅̅ ̅̅ ̅̅ ̅
, 

(5) 

  

where 𝑃𝑠(𝑡)̅̅ ̅̅ ̅̅  and 𝑃𝑛(𝑡)̅̅ ̅̅ ̅̅ ̅ are the average spectral powers of the signal and the background noise, 

respectively. In decibel scale, the SNR is given as 

 SNRdB=10 log10(SNR). (6) 

  

The mean square value of the noise amplitude should be used to estimate the 

experimental SNR, since the background noise is a random signal with zero mean value. The 

noise obtained from the DC measurements, as well as the noise at the LIA input n(t) with 

power spectral density N(), can be represented as the following limit: 

 
𝑛(𝑡)= lim

∆𝜔→0
∑ 𝐶𝑖sin

+∞

𝑖=−∞
(𝜔𝑖𝑡 + 𝜃𝑖);   𝜔𝑖 = 𝑖∆𝜔, 

(7) 

  

where Ci is the Fourier coefficient. Upon the transition through the LIA with the low-pass 

filter (LPF) transfer function H(), the mean-square value of the output noise is 

 
𝑛out
2 (𝑡)̅̅ ̅̅ ̅̅ ̅̅ ̅ =

1

2𝜋
∫ 𝑁PSD(𝜔)|𝐻(𝜔)|

2𝑑𝜔
+∞

−∞

, 
(8) 

where NPSD() is the power spectral density of the noise upon passage through the PSD. The 

transfer function, H(), of the RC low-pass filter (LPF) is, 
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Figure 4.3 (a) Schematic of the lock-in based experimental set-up utilized for toluene 

vapor detection. (b) Layout of signal pathway through an analog lock-in amplifier 

(LIA). The symbols  and × represent summing and mixing (multiplying) stages, 

respectively. PSD and LPF are a multiplier, called the phase sensitive detector, and 

a low-pass filter with transfer function H(), respectively. 
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𝐻(𝜔) =

1

1 + 𝑖𝜔𝜏𝑅𝐶
, 

(9) 

  

where 𝜏𝑅𝐶 is a characteristic time constant of the LPF. Note, the goal of this work is not 

to identify the dominant noise mode of the chemiresistor, but to increase the SNR. 

Identification of the degree to which the different types of noise contribute to the signal 

will be the subject of a future study.  

The electrical response of a single ZnO coated nanospring chemiresistor measured 

at LIA output to toluene vapor pulses at 60 ppm, 40 ppm, 20 ppm, and 10 ppm is displayed 

in Fig 4.4. The LIA chemiresistor signals in Fig. 4.4 is superior to the DC signals in Fig. 

4.1. The contribution of noise to the signal of the chemiresistor in LIA mode is practically 

negligible down to 20 ppm. At 10 ppm of toluene the signal of the chemiresistor operated 

in the DC mode is not trustworthy. By contrast, when operated in LIA mode, the 

chemiresistor signal at 10 ppm is as reliable as that at 60 ppm. Note, there is no loss of 

information with regards to the amplitude of the signal when operated in the LIA mode. 

The utilization of the LIA technique significantly improves not only the electrical 

response characteristics of a single ZnO coated nanospring sensor (receptor) but also 

considerably expands the recognition capabilities of the gas sensor array (electronic nose) 

in the frames of linear discrimination analysis (LDA), independent component analysis 

(ICA), principal component analysis (PCA) and other multiple odor recognition methods 

[9,11, 28–30]. The repeatability of the signal profile and intensity will greatly increase 

the reliability of LDA-based detection. 
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Figure 4.4 The electrical response of a single ZnO coated nanospring device 

measured at lock-in amplifier (LIA) output upon exposure to toluene vapor at (a) 60 

ppm, (b) 40 ppm, (c) 20 ppm, and (d) 10 ppm.    

A summary SNR of the chemiresistor operated in DC and LIA modes is presented in 

Fig. 4.5, which clearly demonstrates the significant increase in the SNR upon signal passage 

through the LIA at all concentrations. This effect is attributed to the fact that only the low-

frequency components of the noise power spectral density, NPSD(), contribute to the LIA 

output noise within its equivalent noise bandwidth (ENBW) ∆𝜔LPF. The ENBW, ∆𝜔LPF, of 
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the RC LPF is approximately equal to 1/𝜏RC. For practical purposes of gas sensors, real-time 

response measurements are required, so the integration timescale of LIA should be low 

enough to facilitate relatively short detection response times. Hence, the characteristic time 

constant, 𝜏𝑅𝐶, of the RC LPF was set to 50 msec since it is much shorter than the sensor 

response time [5,6] and simultaneously very long compared to the period, 𝑇0, of the reference 

signal (𝑇0 = 10 msec). Comparing the SNRs of the DC and LIA measurements performed 

for a single ZnO coated silica nanospring, the utilization of the conventional analog LIA leads 

to the sensor resolution reduction of a factor of about 20. 

 

Figure 4.5 Signal-to-noise ratios (SNRs) in decibel scale of a single ZnO coated 

nanospring sensor obtained by utilizing the DC and the analog lock-in amplifier 

(LIA) modes of detection. 
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Hence, the analog LIA measurements of small AC modulation signals generated by the 

redox and the analyte oxidation processes at the ZnO surface [5–9] enable a detection limit of 

the sensor to be reduced from tens of ppm (for DC measurements) to tens of ppb range under 

equivalent experimental conditions. 

4.3 Conclusions 

A new nanomaterials-based chemical sensor (chemiresistor) that has been developed 

exhibits excellent sensitivity and SNR. The chemiresistor has been constructed with a single 

ZnO coated silica nanospring. The gas sensor response to the analyte (toluene) vapor is 

attributed to its catalytic oxidation of the analyte at the ZnO surface, hence creating an oxygen 

deficient surface of ZnO, and self-refreshing through dissociative chemisorption of oxygen 

(redox process). DC mode chemiresistor responses to pulses of toluene vapor at ppm 

concentration levels demonstrate high sensitivity and a detection limit in the tens of ppm of 

the single ZnO coated nanospring chemiresistor. By comparison, when the nanospring 

chemiresistor is operating in the analog lock-in amplifier mode a superior SNR is achieved 

and the detection limit is extended to tens of ppb. In conclusion, it has been shown that the 

operation of a chemiresistor operated in the analog LIA mode significantly increases the SNR, 

improves sensitivity and considerably lowers the detection limit. The LIA operating mode can 

be used with essentially any chemiresistor, or other types of chemical sensors, especially when 

employing LDA and ICA signal recognition. 
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CHAPTER 5 

Summary 

5.1 Conclusions 

New techniques for characterization of gas/vapor phase kinetics, surface processes 

such as gas-surface, vapor-surface interactions and redox processes by utilizing novel gas 

sensitive structures have been established. The surface interactions have been characterized 

by using real time sensor electrical response characteristics obtained under well-controlled 

laboratory conditions.  

New methods for building gas sensors (chemiresistors) have been developed. The 

redox chemiresistors have been constructed by coating insulating silica nanosprings with a 

ZnO gas sensitive layer by using atomic layer deposition technique. An ultra high surface area 

gas sensor built from a conventional xenon light bulb by coating it with a 3-D 

ZnO/nanosprings structure has been utilized as an effective low-cost platform to characterize 

gas-solid, vapor-solid interactions and redox processes. The single ZnO coated nanospring 

devices have been fabricated by using standard photolithography and lift-off techniques to 

minimize the dimensions of the gas sensor elements (receptors) and to analyze the influence 

of the chemiresistor geometry on its sensitivity. 

The optimal operational parameters of the gas sensors have been determined in terms 

of the temperature of the gas sensitive ZnO layer (working temperature), the temperature of 

the vapor-gas mixture and the crystal structure of the gas sensitive layer. 

An electrical response of the gas sensing devices to the analyte (toluene) vapor is 

attributed to the catalytic oxidation of the target compound on the metal oxide surface and 
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corresponding stripping of oxygen species (O2
−, O− and O2−) from the surface. The self-

refreshing reoxidation of the metal oxide surface at elevated temperatures leads to formation 

of the surface depletion layer and enables the chemiresistors to return to their baseline 

conditions. Dependences of the sensor response characteristics (sensitivity, response and 

recovery time constants) on the ZnO surface and vapor-gas mixture temperatures have been 

observed and analyzed. Exponential ‘RC-circuit’ approximations of the sensor response and 

recovery curves have been used to determine activation energies of toluene catalytic oxidation 

and atmospheric oxygen chemisorption on the ZnO surface. The magnitude of the electrical 

response of metal oxide semiconductor gas sensors can be maximized by heating vapor-gas 

mixture, but at the expense of the sensor characteristic recovery time. 

The question of sensor sensitivity of MOS nanomaterials and MOS thin films has been 

addressed. The experimental and computational analyses of the electrical responses of the 3-

D (nanospring-based) and flat gas sensing structures show that the complexity and periodic 

boundary conditions of the nanostructures result in a lower detection limit, while flat MOS 

structures exhibit higher sensitivity to small analyte concentration fluctuations in a narrow 

range. Our analysis shows that the productive approach to fabrication of integrated sensors 

(electronic noses) is to use both the structures (3D and flat geometries) as the receptors for a 

prompt and reliable detection and recognition of the target chemical compounds.  

The comparison of the most common techniques used to measure the electrical 

response characteristics of gas sensors, namely DC and lock-in amplifier AC measurements, 

has been conducted. The utilization of the LIA technique significantly improves the signal-

to-noise ratio of a sensor device and reduces the absolute detection limit from the ppm to the 

ppb analyte concentration ranges. Hence, the LIA-based sensor signal recognition technique 
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expands the capabilities of the gas sensor array (electronic nose) in the frames of a linear 

discrimination analysis (LDA), an independent component analysis (ICA), a principal 

component analysis (PCA) and other multiple odor recognition methods. 

5.2 Future directions 

The ultimate goal of the current research is development of novel ZnO coated silica 

nanospring-based gas sensor platforms, which can be used efficiently, on the one hand, for 

detection of hazardous compounds (explosives vapors) and, on the other hand, for 

characterization of the gas-solid, vapor-solid, gas-vapor interactions and redox processes. The 

study can be further extended by using other types of metal oxide semiconductor materials 

(e.g. SnO, SnO2, TiO2 etc.) as gas sensitive materials. The methods and results described in 

this project can be applied to future works on the integration of nanomaterials in sensor arrays 

(electronic noses) for prompt and reliable detection of various chemical compounds in an 

ambient environment. 
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