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ABSTRACT  

 Nanostructured ZnO films were obtained via thermal oxidation of thin films 

formed with metallic Zn-nanoparticle dispersions. Commercial zinc nanoparticles used 

for this work were characterized by microscopic and thermal analysis methods to analyze 

the Zn-ZnO core shell structure, surface morphology and oxidation characteristics. These 

dispersions were spin-coated on SiO2/Si substrates and then annealed in air between 100 

and 600 °C. Significant nanostructural changes were observed for the resulting films, 

particularly those from larger Zn nanoparticles. These nanostructures, including 

nanoneedles and nanorods, were likely formed due to fracturing of ZnO outer shell due to 

differential thermal expansion between the Zn core and the ZnO shell. At temperatures 

above 227 °C, the metallic Zn has a high vapor pressure leading to high mass transport 

through these defects. Ultimately the Zn vapor rapidly oxidizes in air to form the ZnO 

nanostructures. We have found that the resulting films annealed above 400 °C had high 

electrical resistivity. The zinc nanoparticles were incorporated into zinc indium oxide 



 
 

solution and spin-coated to form thin film transistor (TFT) test structures to evaluate the 

potential of forming nanostructured field effect sensors using simple solution processing. 

 The functionalization of zinc tin oxide (ZTO) films with self-assembled 

monolayers (SAMs) of n-hexylphosphonic acid (n-HPA) was investigated. The n-HPA 

modified ZTO surfaces were characterized using contact angle measurement, x-ray 

photoelectron spectroscopy (XPS) and electrical measurements. High contact angles were 

obtained suggesting high surface coverage of n-HPA on the ZTO films, which was also 

confirmed using XPS. The impact of n-HPA functionalization on the stability of ZTO 

TFTs was investigated. The n-HPA functionalized ZTO TFTs were either measured 

directly after drying or after post-annealing at 140 °C for 48 hours in flowing nitrogen. 

Their electrical characteristics were compared with that of non-functionalized ZTO 

reference TFTs fabricated using identical conditions. We found that the non-

functionalized devices had a significant turn-on voltage (VON) shift of ~0.9 V and ~1.5V 

for the non-annealed and the post-annealed conditions under positive gate bias stress for 

10,000 seconds. The n-HPA modified devices showed very minimal shift in VON (0.1 V), 

regardless of post-thermal treatment. The VON instabilities were attributed to the 

interaction of species from the ambient atmosphere with the exposed ZTO back channel 

during gate voltage stress. These species can either accept or donate electrons resulting in 

changes in the channel conductance with respect to the applied stress. 
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CHAPTER 1 INTRODUCTION TO OXIDE MATERIALS AND DEVICES 

 This chapter provides a historical review of thin film transistors (TFT), including 

device operation. Furthermore, a summary of oxide semiconductor based TFTs is 

provided to allow a comparison to results presented in the thesis. Finally, an overview of 

oxide materials for sensors is given at the end of this chapter. 

1.1 Thin film transistor history 

 The very first TFT was invented by Paul.K.Weimer of the RCA Laboratories and 

was published in the proceedings of the IEEE in 1962 [1]. This TFT was fabricated with 

cadmium sulfide (CdS) as the channel layer with Au source and drain contacts, which 

were patterned using shadow masks. The transistors operated by the control of injected 

majority carriers in the semiconductor where an insulator (silicon monoxide) was used 

between the gate and the channel. A maximum drift mobility µd of ~ 140 cm2/V sec was 

obtained. In 1968, Brody et al. from Westinghouse Research Laboratory integrated TFTs 

with cadmium selenide (CdSe) channels into electroluminescent (EL) display panels [2]. 

In a TFT-EL panel, the multiplexing and the controlling functions of the panel are 

performed by a TFT matrix circuit, while the individual EL elements emit light according 

to the ON-OFF conditions of the control TFTs. This invention led directly to the 

integration of TFTs as a fundamental component of active-matrix liquid crystal displays 

(AMLCDs) in the 1970's. Researchers began to explore TFTs with amorphous Si (a-Si:H) 

channels for AMLCDs [3]. Amorphous silicon became the dominant TFT technology for 

AM-LCD due to its relatively low cost, fabrication flexibility and high uniformity. The 

potential of a-Si:H TFTs for flexible electronics have also been demonstrated by several 

groups where mobilities of ~1 cm2/V sec were obtained [4, 5]. With the aim of  
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developing TFTs with higher performance, for system on panel applications, led to the 

development of TFTs with polysilicon channels. The first TFT-LCD display was 

commercialized by Seiko Epson during 1983. The pocket color TV proposed by Seiko 

Epson used microcolor filters and poly-Si TFTs formed on quartz substrates due to the 

required high temperature processing [6]. In another study, polycrystalline Si TFTs 

devices were fabricated by depositing double layers of amorphous silicon by LPCVD on 

an n-type monosilicon wafer at 550 °C and then crystallized by annealing at 600 °C for 

12 hours [7]. Silicon dioxide was used as a gate insulator and aluminum was used as 

source-drain contacts. The devices showed an incremental mobility µFE of up to 100 

cm2/V sec. High quality low-temperature polycrystalline Si (LTPS) films have been 

obtained on glass substrates by laser crystallization of dehydrogenated amorphous a-Si 

[8]. High performance TFTs can be obtained by reducing the channel length in order to 

reduce the number of grain boundaries within the channel. By doing this, mobilities of 

410-510 cm2/V sec have been obtained. Although LTPS and CdSe technologies have 

relatively high electrical performance, extensive process development is still necessary to 

improve uniformity over large areas, which is why LTPS is used primarily for small 

displays [9].  

 More recently, there have been significant developments in the TFTs that use 

organic materials as channel layer [10]. Historically organic thin film transistors (OTFTs) 

have low mobilities (< 1 cm2/Vs) and are not suitable for use in applications that require 

very high switching speeds. However, the electrical performance of OTFTs is good 

enough for a variety of applications that require low cost, low temperature processing, 
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and structural flexibility. One of the main advantages of OTFTs is that they can be 

processed at or near room temperature and are compatible with plastic substrates [10]. 

Polythiophene is a polymeric OTFT channel material and recent results have indicated 

very low mobilities (as low as 10-5 cm2/V sec) [10, 11, 12]. However, it is not necessary 

that organic materials are limited to such poor performance. For example, pentacene is a 

small molecule OTFT channel material and has recently been demonstrated as a flexible 

OTFT with silk fibroin gate dielectric and gold top electrodes. The field effect mobility 

for this device was 23.2 cm2/V sec. Typically, organic semiconductor materials tend to be 

p-type although, n-type organic materials are being developed as well. For example, 

Fujisaki et al. demonstrated n-type OTFTs with a field effect mobility over 0.1 cm2/V sec 

[13]. In order to improve the chemical and physical properties of OTFTs, hybrid 

semiconductors have been developed where mixtures of inorganic and organic materials 

are used. An example of a hybrid channel material is tin(II) iodide perovskite, 

(C6H5C2H4NH3)SnI4, that has channel mobility 0.61 cm2/V sec [14]. 

1.2 Thin film transistors based on oxide semiconductor materials 

 The following subsections provide a summary of TFTs that utilize transparent 

semiconducting oxides as the channel material. The class of materials that were primarily 

used were from the transparent conducting oxide literature. These materials can have 

high conductivity and optical transparency and find application in solar cells and 

AMLCDs. Initial investigations were performed on polycrystalline binary oxides 

including tin oxide (SnO2) [16-19] and zinc oxide (ZnO) [20-28]. More recently, Hosono 

et al. proposed that transparent conducting oxides (TCOs) can be formed by using multi-
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component oxides composed of heavy metal cations, where these cations have a (n-

1)d10ns0 (n≥4) electronic configuration [15]. Hosono et al. have also demonstrated that 

these materials can also be used as the TFT channel material when one reduces the carrier 

concentration (i.e., makes the material less conductive). Consequently, a variety of 

amorphous oxide semiconductors have been used for TFT applications including, indium 

gallium zinc oxide (IGZO) compounds [29-31], zinc tin oxide (ZTO) [32-38] , indium 

zinc oxide (IZO) [39-43], indium tin oxide (ITO) [44-45], and indium gallium 

oxide(IGO) [46-48]. Since ZnO, IZO and ZTO were used in our studies, they will be 

explained in more detail below. 

1.2.1 Tin Oxide (SnO2) 

 Aoki et al. fabricated a coplanar TFT using SnO2 films as a channel where 

aluminum was used for the gate, source and drain [16]. The SnO2 films were deposited 

using a vapor phase reaction, and the gate dielectric was a double layer composed of SiO 

and nitrocellulose. The SnO2 channel layer was a few microns thick and the device had a 

transconductance of 0.3 m ohm [16].  

 Sb-doped n-type SnO2 TFTs were demonstrated where PbZr0.2Ti0.8O3 and SrRuO3 

were used as the ferroelectric gate insulator and gate electrode respectively [17]. The gate 

electrode, gate insulator, and the channel layer were all deposited on a strontium titanate 

(SrTiO3) substrate by pulsed laser deposition (PLD). The use of ferroelectric gate 

insulator allowed the TFT to have an intrinsic memory. The channel conductance at zero 
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voltage was dependant on polarity of the prior gate bias due to ferroelectric polarization. 

The best TFTs had a mobility of 5 cm2/V sec and a threshold voltage of -2 V. 

 Presley et al. fabricated a TFT with SnO2 channel layer deposited by RF 

magnetron sputtering on a multilayer aluminum oxide/titanium oxide (ATO) dielectric 

and an ITO gate [18]. Rapid thermal annealing of the SnO2 channel was done at 600 °C in 

an O2 ambient, followed by deposition of ITO source-drain. Both enhancement mode and 

depletion mode devices were demonstrated. The mobility of the best enhancement mode 

device was 0.8 cm2/V sec and that for the best depletion mode device was 2 cm2/V sec. 

Recently, Huh et al. fabricated TFTs with a tin oxide channel deposited by ultralow 

pressure sputtering and achieved µFE as high as ~ 30 cm2/V sec, demonstrating that 

relatively low values of sputtering pressure allows reduction and/or control of the carrier 

concentration and produces high quality films with reasonably high mobilities [19]. 

1.2.2 Zinc Oxide (ZnO) 

 Polycrystalline ZnO has been used as a channel material for TFTs by many 

groups. A variety of methods have been used to fabricate ZnO TFTs including ion beam 

sputtering, radio frequency (RF) sputtering and pulsed laser deposition (PLD). 

Transparent thin film transistors (TTFT) have been demonstrated with a ZnO channel 

layer deposited via RF sputtering [20]. The gate dielectric for these devices was ATO and 

the gate and source-drain electrodes were ITO. It was necessary to anneal the devices up 

to 600-800 °C in O2 to improve the crystallinity of the ZnO channel, increase the channel 

resistivity, and improve the electrical quality of ZnO/insulator interface. The devices had 



6 
 
channel mobilities and threshold voltages in the range of 0.3-2.5 cm2/V sec and a 10-20 

V, respectively [20]. Other groups have focused on reducing the thermal budget for ZnO 

TTFT [21]. Studies have indicated that controlling the oxygen pressure during deposition 

reduces the maximum process temperature to 450 °C. Maximum channel mobilities of 

0.97 cm2/V sec and threshold voltage of -1V were obtained [21]. TFTs using room 

temperature deposited ZnO films have resulted in devices, which do not require a post-

deposition anneal. In this study, the ZnO films were deposited on heavily doped n-type Si 

wafers with ~100nm thick oxide layer and the devices used Ti/Au source and drain 

electrodes [22]. Mobilities of ~ 2 cm2/V sec and a threshold voltage of 0 V were 

obtained. More recent studies have shown that low temperature processed sputter 

deposited ZnO channels can have mobilities of 50- 70 cm2/V sec [23, 24].  

 For low-cost electronics, other methods have been evaluated for the non-vacuum 

based deposition of ZnO for TFTs. To improve crystallization and device performance, 

high temperature post-deposition annealing is typically performed on solution deposited 

ZnO films. For example, Norris et al. fabricated a TTFT that had a ZnO channel layer 

formed by chemical solution deposition using spin-coating [25]. In this study, a zinc 

nitrate based solution was spun onto an ATO/ITO substrate and then annealed in air for 

10 minutes at 600 °C to convert to ZnO. The films were then annealed to 700 °C to 

further improve crystallinity using rapid thermal annealing. These ZnO TFTs used ITO 

source, drain, and gate electrodes. The n-type enhancement mode ZnO TFTs had a VON 

of 3 V and an effective mobility µeff  (~0.2 cm2/V sec). ZnO nanorods have also been 

used for TFTs where the nanorods were spin-coated on Si/SiO2 substrates and post-
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annealed to 230 °C for 30 min [26]. The devices used gold-chromium source-drain 

electrodes and had a field effect mobility of 0.61 cm2/V sec. Solution processed TFTs 

using thin films of ZnO nanoparticles with various particle shapes including nanospheres 

and nanorods have also been fabricated [27]. The ZnO nanoparticles were prepared by 

polyol method in which zinc acetate dihydrate was dissolved in diethylene glycol. The 

films were spin-coated on Si/SiO2 substrates followed by annealing in either air or 

oxygen in order to improve the connectivity between nanoparticles in the films. The 

TFTs with channel mobility of up to 4 x 10-4 cm2/V sec were obtained using nanorod 

films annealed to 600 °C for 5 hours in oxygen. Solution-processed ZnO TFTs with 

channel mobility of 13 cm2/V sec have also been demonstrated in literature [28]. 

1.2.3 Indium Gallium Zinc Oxide (IGZO) 

 Indium gallium zinc oxide (IGZO) is an n-type semiconductor with a band-gap of 

~3.5 eV and a stoichiometry that can be given by the following expression In1-x 

Ga1+xO3(ZnO)k where 0<x<1. In recent years, IGZO has been widely investigated for 

TFT applications [29-31]. The initial work on this system was by Nomura et al., where 

TTFTs were fabricated by the epitaxial growth of an IGZO superlattice on single crystal 

substrates [29]. A lattice matched single- crystal yttria stabilized zirconia substrate was 

used and a hafnium oxide gate insulator was grown on top of IGZO. To improve the 

quality of the single crystalline IGZO, thermal annealing was performed at 1400 °C for 

30 minutes in an atmospheric electric furnace. The µFE and VT obtained for these TTFTs 

were 80 cm2/V sec and 3 V, respectively. Nomura et al. also prepared IGZO TFTs by 

depositing amorphous IGZO films via pulsed laser deposition at room temperature on 
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polyethylene terephthalate (PET) substrates [30]. These films were determined to be 

amorphous by XRD, and TFTs were fabricated using Y2O3 as the gate insulator and ITO 

(Sn :10%) as the source, drain and gate electrodes. The deposited IGZO films exhibited a 

Hall effect mobility exceeding 10 cm2/V sec, while the best performance for the TTFTs 

was µFE and VT of 6-9 cm2/V sec and 1.6 V, respectively.  

 Higher performance a-IGZO TFTs have been fabricated on glass substrates. For 

example, Jeong et al. fabricated a-IGZO TFTs by RF-magnetron sputtering by depositing 

200 nm MoW on a SiO2/glass substrate with a SiNx gate dielectric [31]. The sputtering 

was carried out with a gas mixing ratio of Ar/O2 = 65/35, while the chamber pressure was 

varied from 1 to 5 mTorr. The IZO source and drain electrodes were deposited in the 

same chamber at room temperature. Finally the samples were annealed at 350 °C for 1 

hour in an N2 atmosphere. The IGZO films that were deposited at low pressure (1 mTorr) 

had a µFE of 21.8 cm2/V sec. It was suggested that lower deposition pressure leads to 

greater densification of the a-IGZO films resulting in better device performance [31]. 

1.2.4 Zinc Tin Oxide (ZTO) 

 Zinc tin oxide (ZTO) is a wide band gap n-type semiconductor that initially has 

been studied as a TCO, and has the general formula (ZnO)x-(SnO2)1-x where 0<x<1. 

Chiang et al. fabricated bottom gate TFTs and TTFTs with amorphous ZTO as the 

channel layer [32]. The ZTO channel layer was deposited via RF magnetron sputtering on 

either an ATO/ITO glass substrate or a heavily doped Si wafer with a thermally grown 

SiO2 gate insulator. XRD analysis was performed on these ZTO films and it was 
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confirmed that films annealed at a temperature below 650 °C were amorphous and those 

annealed above 650 °C were polycrystalline. ITO source and drain electrodes were used 

to complete fabrication of the devices. It was found that the µFE for the devices annealed 

to 300 °C was 5-15 cm2/V sec and for those annealed to 600 °C was 20-50 cm2/V sec.  

 The effects of annealing and stoichiometry on ZTO based TFTs was explored in 

detail by Hoffman [33]. Sputter targets with various stoichiometries of Zn/(Zn +Sn) 

between 0 and 1 were used. It was found that devices with channel Zn/(Zn +Sn) ratios of 

0.33, 0.5 and 0.67 with post-deposition anneals between 400-600 °C yielded, µFE of ~30 

cm2/V sec. Also, the turn on voltage decreased with increasing annealing temperature and 

decreasing Zn/(Zn +Sn) ratio. 

 Hong et al. evaluated methods to passivate ZTO channel TFTs [34]. His best 

results was for ~100nm thermally evaporated SiO2 on top of ZTO. A post deposition 

anneal was performed after deposition of the ZTO and second annealing was done after 

passivation. The µinc for the unpassivated TFT annealed at 600 °C was found to be 20 

cm2/V sec and that for the SiO2 passivated TFTs with no post-passivation annealing, 300 

°C annealing and 600 °C annealing were found to be 20, 26 and 15 cm2/V sec, 

respectively. Triska et al. studied the bias stress stability of ZTO TFTs fabricated with 

Al2O3 dielectrics deposited by atomic layer deposition (ALD) or SiO2 gate dielectrics 

deposited by plasma enhanced chemical vapor deposition (PECVD) [35]. These devices 

had a positive parallel shift of the transfer data under bias stress. A larger shift was 

observed for Al2O3 dielectrics compared to that of SiO2. To improve the bias stress 

stability of the Al2O3 devices, a thin layer of a SiO2 was deposited by PECVD between 
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the Al2O3 and ZTO films. This greatly improved the bias stress stability of the devices 

suggesting that the Al2O3/ZTO interface was a dominant source of charge trapping. 

Recently, bias stress stability of ZTO as a function of various dielectrics, passivation 

layers, illumination, and solvent mediated exposures has been reported [36-38]. 

1.2.5 Indium Zinc Oxide (IZO) 

 Recently, IZO has been introduced as a robust binary metal oxide material for 

TFT and TTFT applications. IZO is sometimes referred to as zinc indium oxide (ZIO). 

IZO is typically amorphous as deposited which limits grain boundary scattering. Dehuff 

et al. fabricated n-type IZO TTFT that had very high mobilities [39]. RF magnetron 

sputtering was used to deposit IZO on an AZO/ITO glass substrate. The ITO source-drain 

was deposited after annealing the channel to either 300 °C or 600 °C. The 300 °C 

annealed devices operated in enhancement mode with µinc  of 10-30 cm2/V sec and VT of 

0-10 V, while those annealed to 600 °C operated in depletion mode with µinc  of 45-55 

cm2/V sec and VT of -20 to -10V. More recently, bottom gate IZO TTFTs with no post 

deposition annealing was demonstrated using RF magnetron sputtering [40]. The devices 

were fabricated on glass substrates coated with AZO/ITO layer and used IZO source-

drain contacts. In this study, the channel thickness was varied between 15 nm to 60 nm 

and it was found that the channel mobility varied with channel thickness. The best 

performing devices had a mobility of 40 cm2/V sec with threshold voltages of 10 V for 

IZO thicknesses of 15 nm. The threshold voltage range from 3 V and 10 V was observed 

to vary for the thicker and thinner channels, respectively [40].  
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 As mentioned previously for ZnO, solution processed TFTs offer the potential for 

low cost when compared to the vacuum-deposited TFTs [41]. Choi et al. fabricated 

TTFTs with IZO channel layer produced by spin-coating. The IZO solution was 

formulated with zinc acetate dihydrate and indium acetate in 2-methoxyethanol, and was 

spin-coated at 8000 rpm on Si substrate with 120nm SiO2 gate dielectric. The devices 

were annealed for 1 hour in air at 500 °C. For these devices Al source/drain were 

deposited by evaporation. This depletion mode TFT demonstrated a field effect mobility 

of 7.3 cm2/V sec with a VT of 2.5 V [41]. Lee et al. used metal-halide precursors 

dissolved in acetonitrile and formed uniform and continuous thin films using ink-jet 

printing and spin coating for TFT applications [42]. The devices had µFE of 7.4 cm2/sec 

and 16.1 cm2/V sec with Von of -26 V and -32 V were obtained for the TFTs with ink-jet 

printed and spin-coated channels, respectively. Han et al., demonstrated solution 

processed IZO TFTs using a metal-halide and acetonitrile chemistry that was described 

above [43]. Devices that were annealed at 500 °C in air had a µFE of 6.1 cm2/V sec and 

Von of ~ 0 V while those annealed to 280 °C had µFE of 0.84 cm2/V sec and Von of ~ 6 V. 

1.2.6 Indium Tin Oxide (ITO) 

 Indium Tin Oxide (ITO) has been used as gate and source-drain electrode for 

various TFT and TTFT applications [20, 21, 32]. The most commonly used form of ITO 

has 10% Sn by weight and is highly conductive. Tahar et al. reported that ITO films 

formed under varying processing conditions can have a wide range of electrical 

properties [44]. The deposition techniques used were physical vapor deposition (PVD), 

chemical vapor deposition (CVD) and sol-gel processing. The electrical properties can be 
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controlled by several processing parameters including film thickness, substrate heating, 

deposition technique, and oxygen partial pressure. For example, the carrier mobilities for 

ITO films were found to vary between 15-41 cm2/V sec for DC and RF magnetron 

sputtering, 16-103 cm2/V sec for vacuum evaporation, 5-70 cm2/V sec for CVD, and 9-

21cm2/V sec for various sol-gel procedures [44]. 

 Jiang et al. has demonstrated the use of ITO as both the channel and the source-

drain layers where the layers were simultaneously deposited using one step magnetron 

sputtering onto low cost paper substrates while patterning with a single shadow mask 

[45]. The devices had high performance with a large on/off ratio of 8 x 105, a low 

operating voltage of 2.0 V, and a µFE estimated to be 22.4 cm2/V sec. 

1.2.7 Indium Gallium Oxide (IGO) 

 Indium gallium oxide (IGO) has been explored for its potential as a TCO and for 

TFTs [46, 47]. This n-type semiconductor has a stoichiometry which can be best 

described as In1+x-Ga1-x-O3 where, 0 < x < 1. Chiang et al. fabricated high performance 

bottom-gate TFTs employing amorphous indium gallium oxide (a-IGO) as a channel 

material [47]. About 50 nm of IGO was sputter deposited on p-type heavily doped Si 

substrates with ~100 nm thermally grown SiO2 that functions as a gate dielectric. Films 

of various ratios of In/Ga were deposited and these films were annealed between 200-800 

°C. ITO source and drain electrodes were deposited after the annealing step. It was found 

that decreasing oxygen partial pressures during IGO deposition increased the µinc with a 

corresponding decrease in Von. Likewise, an increase in indium concentration of the 
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channel material resulted in an increase of µinc with a corresponding decrease in Von. The 

best performing devices were annealed at 600 °C and had a µinc of 27 cm2/V sec and a 

Von of -14 V. The IGO devices annealed to lower temperatures (< 200 °C) had a µinc of 

19 cm2/V sec and a Von of 2 V [47]. 

 Goncalves et al. further studied the effect of oxygen partial pressure for sputter 

deposited IGO thin films [48]. The IGO films were deposited on a Si substrate that had 

100 nm SiO2 layer deposited by PECVD. It was shown that the oxygen partial pressure 

could result in amorphous films (when O2 was present) or polycrystalline films (when O2 

was not present). The best performing TFTs with un-annealed IGO had µsat ~ 43 cm2/V 

sec and VT ~ 3.05 V. 

1.3 Thin film transistor overview 

 There are four basic layouts for a TFT, as illustrated in the Figure 1.1 namely, (a) 

staggered bottom-gate (b) staggered top-gate (c) co-planar bottom gate, and (d) co-planar 

top gate. The source/drain and gate placement defines these various structures. The 

device is a top gate structure if the gate is located above the channel layer. In contrast, the 

device is in bottom gate structure, if the gate is located below the channel layer. In a 

staggered configuration, the source/drain are located on the opposite side of the channel 

layer from the gate. Likewise, in a co-planar configuration, the source/drain terminals are 

on located on the same side of the channel layer as the gate.  

 Furthermore, TFTs can be classified based on their mode of operation where 

enhancement-mode TFTs require application of gate bias to form a channel and induce 
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semiconductor/dielectric interface, is described as the formation of a "channel", and is 

dependent on the applied voltage and the polarizability of the dielectric. The application 

of positive voltage to the drain electrode results in the extraction of delocalized electrons 

into the accumulation layer from the channel. This results in a high electron 

concentration, which can result in a current flow between source and the drain, called the 

drain current (ID), when a positive drain voltage is applied. It is necessary for the applied 

gate bias to be larger than the voltage needed to turn the device "on" (i.e, VGS ≥ VON) 

where VGS is the gate-to-source voltage and VON is the turn-on voltage. In general, VON is 

defined as the VGS at which the drain current (ID) increases above the leakage current (IG) 

for small values of drain voltage (VDS) [50]. At small positive drain voltages, i.e., 

voltages less than or equal to the gate voltage minus the turn-on voltage VDS ≤ VGS-VON, 

the drain current conduction for a TFT can be expressed by equation 1.1 [51],  

																 = 	μ 	( − ) − 																													( . ) 
where µ is the channel mobility, COX is the oxide capacitance, W is the width of the 

channel, and L is the length of the channel. 

 At large positive drain voltage, electrons are depleted at the channel region that is 

close to the drain. This is termed the channel pinch-off point where the drain current 

becomes independant of VDS (i.e the drain current saturates). This occurs when VDS = 

VDS,SAT , where the saturation drain voltage VDS,SAT = VGS-VON by which equation 1.1 

becomes,  
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 																											 , = µ 	( − ) 																																				( . )				 

The square law designation arises from the quadratic dependence displayed in 

equation 1.2 in which the saturation drain current (ID,SAT) is proportional to the square of 

the applied gate voltage in excess of the turn-on voltage. The entire derivation for the 

square law model can be found elsewhere [51]. 

  

Figure 1.3 : Typical log ID vs VGS plot illustrating drain current ID, turn on voltage VON  
and the drain current ON-OFF ratio (ION-OFF). The VON is ~ -3 V and ION-OFF is 
~107. Voltage applied on the drain VDS=1 V and the zinc tin oxide (ZTO) 
channel width-to-length ratio W/L = 5.  

 

 Electrical characterization of TFTs involves data collection and analysis which is 

used to identify the performance of the device. Transfer characteristics are measured 
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and gate current are monitored during these scans. The three main device characteristics 

evaluated from the transfer curves are the turn-on voltage, drain current on-off ratio, and 

channel mobility. The turn-on voltage is where the gate voltage VGS at which the drain 

current ID starts to increase for small values of drain voltage (VDS) on a log ID vs VGS 

plot. The drain current on-off ratio (ION_OFF) is the ratio of maximum to minimum drain 

current at a high value of VDS to ensure that the device is operating in the saturation 

regime [50]. The typical values for most of the ZTO TFTs fabricated for this thesis are 

ION_OFF =107 and VON is ~ -3 V as shown in Figure 1.3. 

 Channel mobility is one of the most common parameters used for characterizing a 

TFT. Hoffman et al. has given a detailed description on methods to extract channel 

mobilities and precise meanings that are important to the electrical data presented in the 

paper. Using the nomenclature of Hoffman, the average mobility (µavg) is defined as the 

average mobility of all the carriers present in the channel and is directly proportional to 

the channel conductance (GCH) [50]. 

																																							μ ( ) = 	( )( − )																																							( . )									 
where, 

 						 ( ) = → 	 │ 																											( . )		 
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Likewise, the incremental mobility (µinc) is the mobility of the carriers added to the net 

channel charge when increasing the gate voltage. This is proportional to the differential 

channel conductance as follows. 

																																											μ 	( ) = ′ 	( )																																																							( . )									 
 For this analysis, VON replaces the threshold voltage (Vth), that is commonly used 

for ideal field effect transistors (FET), where µavg and µinc are nearly identical to the 

effective mobility µeff and field effect mobility µFE, respectively [52]. Figure 1.4 shows 

extracted values of µinc and µavg as a function of gate bias for the device shown in Figure 

1.3. The maximum of µinc is 22 cm2/V sec and the maximum of µavg is 13 cm2/V sec. 

 

 Figure 1.4: The extracted average and incremental mobilities as a function of gate bias 
for a TFT with ZTO channel W/L = 5. The maximum mobilities are µavg = 
13 cm2/V sec and µinc = 22 cm2/V sec.  
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  One of the ways that TFT device stability can be assessed is by constant-voltage 

DC bias stress testing. For these measurements the TFTs are stressed at a constant VGS 

and VDS over a period of time. The transfer measurements are performed and VON is 

determined with respect to stress time. For our bias stress experiments we set VGS = 10V 

and VDS = 0 V. Before and after stability testing, transfer characteristics log10 ( ID) -VGS at 

VDS = 1V were measured and plotted.  

  Our constant voltage bias stress testing was executed by first performing two 

log10(ID) -VGS transfer curves : Initial transfer curve and the pre-stress curve measured 

with VDS = 1V by double sweeping the gate voltage from either -10 to 15 V or -15 to 10 

V depending on the value of VON. After acquiring these curves, transfer characteristics 

were obtained with the same conditions after 10, 100, 1000, and 10000 seconds of 

applied bias on the gate. 

  A detailed numerical analysis of data associated with bias stress stability 

measurements can be performed. Stretched exponential equation has been developed to 

model the change in threshold voltage (ΔVth) by charge trapping mechanisms in a-Si 

TFTs [54]. The stretched-exponential model best describes the ΔVth by equation 1.6, 

																						| | = 	 | | 	 − − 																												( . )		 
   										 ,																				 

																																							 = 	 ( ) − ( )																																			( . )																																									 = 	 , − ( )																																			( . )						 
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  where, ΔV0 is the effective voltage drop across the gate insulator (or also called effective 

stress voltage), VG,stress is the voltage applied to the gate during bias stressing, Vth(0) is the 

initial threshold voltage, β is the stretched exponential exponent and τ is the characteristic 

trapping time of carriers expressed by τ = τ0 exp (Eτ/kT). Where, Eτ is the average 

effective energy barrier that electrons in the TFT channel need to overcome before they 

can enter the insulator or near the interface region with τ0 being the thermal pre-factor for 

emission over the barrier.  

For our research, ΔVth and ΔV0 were obtained from the transfer curves associated 

with the pre- and post-stress measurements corresponding to the 0, 10, 100, 1000, and 

10000 sec. The time dependence of ΔVth can be well fitted with the stretched-exponential 

equation 1.6 by appropriately determining τ and β. A larger τ and/or a larger β correspond 

to more stable TFT.  

1.4 Oxide materials for sensors  

 In the1960's, it was discovered that the adsorption and desorption of gaseous 

constituents on the surface of metal oxide semiconductors can significantly modulate 

their conductivity. It was found that semiconductor materials with wide band-gap have 

several advantages for gas sensing applications, including the ability to operate at high 

temperatures and having high environmental stability [55]. Metal oxide semiconductor 

materials having large surface area is highly desirable since they can adsorb as much 

target material as possible thereby leading to a higher measurable response [56]. This 

phenomenon was first demonstrated by Seiyama et al. using thin films of zinc oxide 
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(ZnO) [57]. The authors found that at high temperatures (~ 400 °C), the adsorption and 

successive desorption of gaseous species on the semiconductor surface took place rapidly 

and were correlated to the observed changes in electrical conductivity of the 

semiconductor material. It was proposed that thin films of ZnO can be used for the 

detection of gaseous constituents [57]. The conductivity changes in SnO2 has also been 

observed when CO, CO2, NO, and NO2 are exposed to the surface. Many other oxide 

materials have been used for sensing including TiO2 [58] for CO, ITO [59] and BaTiO3 

[60] for CO2[61] and WO3[61] and ZnO (at 400 °C) for NOx gas detection, with many 

others reported in literature [56] Metal oxide films for gas sensors are commonly made 

by chemical vapor deposition (CVD), physical vapor deposition (PVD) including 

evaporation and sputtering, and sol-gel techniques [56].  

 Recently, oxide materials have also been investigated for liquid phase sensing. In 

2003, Chibirova et al. fabricated In2O3 sensors with Pt electrodes on an insulating surface 

and exposed the sensors to various mediums including water, sodium chloride solutions, 

and Luria broth without and with E-coli bacteria before and after UV irradiation, for 

evaluation of dissolved oxygen content [62]. The technique revealed high sensitivity. 

Zhou et al. proposed that ZnO can be used as biosensors due to its properties including 

biodegradability and biocompatibility [63]. In this study, ZnO nanowires with a 

hexagonal cross-section and high crystalline quality were produced by vapor-solid 

growth process and exposed to various solutions with moderate pH values including 

ammonia, sodium hydroxide solution, horse blood serum, and de-ionized water to 

observe the etching and dissolving behavior of ZnO. The authors anticipated that the 
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biosensors made with ZnO will have a certain time to perform the device function and 

once completing the sensing, the ZnO nanowires can eventually dissolve into ions and 

can be completely absorbed by the body, especially in the case of horse blood serum [63]. 

Followed by these studies, Mason et al. examined approaches to functionalize the surface 

of ZnO nanowires [64]. One of the main limitations of oxide-based sensors is their poor 

selectivity to different components in the medium to be sensed. Surface functionalization 

of the oxide material with specific chemical properties is essential to improve the 

selectivity. ZnO nanowires were formed by vapor-solid growth method, and used to 

fabricate ZnO nanobridge sensor devices on Si substrates with 300nm thick oxide 

insulator layer, after patterning and carbonizing at 900 °C. The ZnO nanowires were 

functionalized with biotin. Device operation could not be determined since biotinylated 

ZnO NW surfaces were found to dissolve during exposure to DI water. Parylene-A, a 

common moisture barrier, was coated via CVD to prevent dissolution of the ZnO 

nanowires. The authors have proposed that parylene-A is an excellent encapsulation for 

ZnO nanowires and can improve selective sensing of target species in the liquid or vapor 

phase [64].  

Self-assembled monolayers (SAM) have been used for surface functionalization 

of materials and to achieve stable surfaces for sensing [65]. These SAMs are usually 

defined by the chemistry that binds them to the surface and can consist of silanes, thiols, 

carboxylic acids and phosphonic acids as molecular anchors [66]. Among them, 

phosphonic acid and alkyl phosphonates have been demonstrated to form well-packed 

SAMs by strongly binding to a wide range of metal oxides when compared to carboxylic 



25 
 
acids [65]. This suggests that phosphonic acid based chemistries can be utilized to 

functionalize metal oxide surfaces and form stable sensors.  
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CHAPTER 2 EXPERIMENTAL METHODS 
 

This chapter introduces the various instruments and techniques used in this 

research for thin film deposition, processing and characterization. 

2.1. Surface treatment 

2.1.1 Ultraviolet-Ozone (UV-O3) cleaning 

 The main purpose of UV-O3 cleaning is to remove organic contaminants from 

substrates to achieve high surface energies for subsequent processes. The two major 

wavelengths of UV radiation from common low pressure mercury vapor lamps are 184.9 

and 253.7 nm. Atmospheric O2 absorbs 184.9 nm UV radiation to form O3 according to 

the following reaction [1].  	O → O + O				 
O + O → O  

Furthermore, O3 absorbs 253.7 nm UV and decomposes via the reverse reaction. Thus, 

during the formation and decomposition of O3 (via UV exposure), atomic oxygen is 

generated which then reacts with the sample surface. Simultaneously, organic compounds 

on the sample surface exposed to UV radiation photolyze to form ions, free radicals and 

excited/neutral molecules which react with atomic oxygen to form common molecules 

with high vapor pressures, such as CO2, H2O, N2 and O2, which then desorb from the 

surface. The removal of organic contaminants from the surface can then be evaluated 
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using water contact angle (θ) measurements. A clean (high energy) surface will exhibit 

small contact angles while a contaminated (low energy) surface will exhibit large contact 

angles with water. A schematic of a UV Ozone cleaning system is shown in Figure 2.1. 

 

Figure 2.1: A sample was irradiated with ultraviolet radiation with wavelengths of 184.9 
nm and 253.7nm, to produce O3 inside the apparatus 

 

 For this research, a Novascan PSD UVT UV-Ozone system with a flow controller 

for oxygen was used. The distance between the substrate and light source is maintained at 

~ 5 mm to ensure consistent surface treatments from run to run.  

2.2 Thin film processing 

2.2.1 Thin film deposition techniques 

2.2.1.1 Spin-coating 

 Spin-coating has been used for several decades for thin film deposition. It is 

widely used in micro-fabrication [2], capable of depositing thin films with thicknesses 

below 10 nm [3]. One of the main applications for this technique is the deposition of 

photoresists for photolithography. Due to the high uniformity of film thickness that can 

184.9 nm  UV rays 
253.7 nm  

Ozone

Aluminum reflector plate

Low pressure mercury lamp

Sample stage
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be obtained by this method it is used in a variety of industrial applications to deposit 

resins, polymers, epoxy, and sol-gel solutions on metal, glass, ceramic, paper, plastic and 

semiconductor substrates.  

 The theory behind this deposition technique involves the equilibrium between the 

centrifugal forces created by the rapid spinning and viscous forces determined by the 

viscosity of the solution [4]. The final film thickness and other properties depends on a 

variety of solution characteristics including viscosity, drying rate, percent solids and 

surface tension. The adjustable parameters for the spinning process include final rotation 

speed, acceleration and spinning time. 

 Spin-coating can be classified into four main stages namely, deposition, spin-up, 

spin-off and evaporation, as shown in Figure 2.2. The deposition stage involves 

dispensing a small puddle of fluid onto the center of the flat substrate held in position by 

vacuum. Two common dispense methods are static dispense and dynamic dispense. For 

static dispense, the substrate is stationary while applying the fluid. For dynamic dispense, 

the fluid is applied to the rotating substrate. Higher viscosity and/or larger substrates 

typically require larger quantities of fluid to ensure full coverage when using a high speed 

spin step. After dispensing the fluid, the substrate is accelerated to a relatively high speed 

(1500-6000 rpm) where the thickness of the fluid is reduced to near its final value. In this 

spin-up stage, the liquid flows radially outward, driven by centrifugal forces. The 

substrate is then held at this speed during the spin-off stage, allowing liquid to flow to the 

substrate edges and then be removed. As the film thins, liquid run-off slows down and 

evaporation of the liquid begins to dominate the film thinning behavior, thereby 
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2.2.1.2 RF magnetron sputter deposition 

 Sputtering is a physical vapor deposition process in which the surface of a target 

is struck by accelerated positive ions, thereby ejecting atoms, ions and clusters which are 

subsequently deposited onto the surface of a substrate, forming a thin film. A schematic 

of a RF sputtering process is shown in Figure 2.3. 

 

Figure 2.3: Schematic indicating basic aspects of RF sputtering [Adapted from Eric 
Steven Sundholm, Masters thesis, Oregon State University, 2010] 

 

In a typical process, positive and negative ions are generated due to ionization of 

gas (usually Argon) when a glow discharge (plasma) is created between substrate and the 

target using a radio frequency power supply. The ions then strike the target with enough 

energy to eject target atoms and these are then deposited on the substrate. To improve 

Acceleration of negative ions 
towards substrate

Target

RF cathode

Dark space shield 

plasma

Acceleration of positive ions 
towards target

Substrate

Deposited thin film 

Target particles “sputtered” 
onto substrate

Dark space 
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quality and deposition rate of the deposited film, RF sputtering is carried out under 

vacuum, typically between 1 and 50 mTorr. Magnetron sources are set behind the target 

to generate a magnetic field that can be used to capture secondary electrons close to the 

target. Electrons around the magnetic field lines follow helical paths, undergoing an 

increasing number of ionizing collisions near the target which in-turn increases the 

sputter rate. A more detailed description of plasmas and sputtering can be found in 

Lieberman [6]. 

 For our work, an AJA International RF magnetron sputter deposition system was 

used. The system used a turbo molecular pump and had a base pressure of ~ 1 x 10-8 

mbar. Reactive sputter deposition with a mixture of argon and oxygen gas was used to 

deposit thin films for TFT applications. 

2.2.1.3 Thermal Evaporator 

 Thermal evaporation is a physical vapor deposition technique, which is 

commonly used to deposit aluminum (Al). This process was used to deposit contacts for 

TFTs. The process consists of three basic steps: 1) vaporization of the solid target 

material, 2) transport of material to the substrate and 3) deposition onto the substrate 

surface. The transformation of solid to vapor could be through sublimation or via melting 

followed by evaporation. The heating source and material being deposited dictates the 

type of process that occurs for vaporization. The thermal evaporation process is typically 

carried out under high vacuum (~ 4 x 10-5 mbar) to reduce contaminant incorporation into 

the film and to increase the mean free path of the vaporized molecules for uniform 
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Devices fabricated in this work were annealed using a Thermofisher scientific 

model quartz tube furnace. Samples were placed in a ceramic crucible and were inserted 

into a quartz tube within the furnace. For inert conditions, a nitrogen flow was utilized 

where vacuum was used on the output to control the pressure in the furnace. Otherwise, 

samples were annealed in ambient air. The typical temperature profile of a post-

deposition annealing process is shown in Figure 2.5. The temperature slope of the 

decreasing part of the profile will show a slight difference with respect to the specified 

ramp down rate since there is no active cooling implemented in the tube furnace used.    

2.2.3 Photolithography 

 Overview of photolithography  

 Photolithography is a process used in semiconductor processing in which a 

specific pattern from a mask is transferred onto a thin-film layer of photoresist (organic 

polymer) via exposure to high intensity short-wavelength light which drives 

photochemical reactions in the resist (cross-linking). The resist then goes through a 

develop step which leaves the photoresist in the desired locations on the substrate but 

removes the photoresist from all others. This process is followed by selective etching to 

remove the film from regions not covered by the photoresist. Finally the photoresist is 

removed from the substrate leaving the patterned film. There are two basic types of 

photoresist: positive and negative photoresist. Positive photoresist transfers an exact copy 

of the pattern in the mask to the film so that the exposed photoresist is removed during 

the developing process. A negative photoresist transfers an inverted mask pattern to the 

film so that the exposed photoresist is not removed while being developed. For this work 
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In 1805, Thomas Young discovered that the interfacial effects among solids, 

liquids and vapors at the edge of the liquid droplet had significantly different properties 

than the bulk core, and could be better characterized by considering the contact angle [8]. 

A schematic of the goniometer used to measure contact angles is shown in Figure 2.7.  

For a liquid droplet sitting on a solid surface, each interface (solid-liquid, solid-

vapor, liquid-vapor) has a characteristic surface energy density,	γSL, γSV and γLV. Under 

equilibrium conditions, these interfacial surface energy densities are related to the contact 

angle, θ, as follows. 

																																		 	 = −				 																																												( . ) 
where, a contact angle of zero corresponds to complete wetting of the surface while a 

non-zero value corresponds to partial wetting of the surface. 

Contact angle measurement 

 A FTA32 goniometer was used to perform contact angle and surface tension 

measurements to ensure clean surfaces with good wettability and adhesion. Contact 

angles are generally measured by appropriately fitting the mathematical expression 

(Equation 2.2) to the shape of the liquid droplet on the surface and then calculating the 

slope of the tangent to the liquid drop at the liquid-solid-vapor (LSV) interface line. In 

recent years, computer software has been used to better determine the liquid drop shape. 

The set up consists of three parts: a digital camera, an illuminator, and image processing 

software. For these studies, a single droplet of liquid on the order of a few µL was 
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dispensed with a micropipette and the contact angle was found by connecting several 

small lines to fit a circle to the cross section of the drop. This was followed by 

determining the intersection with the projection of the surface using the appropriate tools 

in the computer software. 

2.3.2 Thermogravimetric analysis (TGA)  

Concept of thermogravimetric analysis 

 Thermogravimetric analysis (TGA) is an analytical technique used to monitor the 

mass changes that occurs when a sample is heated. This information can then be used to 

determine a material's thermal stability, oxidative stability, and fraction of volatile 

compounds present. TGA measurements are generally carried out in air, nitrogen or an 

inert atmosphere such as helium or argon and the weight change is recorded as a function 

of temperature. Because of the nature of the process, this technique requires a high degree 

of precision in temperature and mass change measurements. 

TGA instrumentation and data analysis 

Figure 2.8 shows the basic set-up of a typical TGA instrument. The sample is 

loaded into an empty aluminum pan which is pre-weighed inside the TGA system for 

reference. The furnace is closed and the temperature is increased at a given ramp rate. 

The mass gain/loss with respect to temperature increase may be attributed to a variety of 

mechanisms including release of moisture and oxidation/reduction (depending on the 

furnace gas used) among others.  
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Figure 2.9 shows a typical TGA curve for our work with Zn nanoparticles. The 

mass loss at low temperatures (A) is attributable to the loss of volatile species from the 

sample. The mass gain in region (B) is due to oxidation of zinc, and no further weight 

increase is seen for region (C), suggesting particles have been completely oxidized. 

 

 

Figure 2.8: A Schematic of TGA instrumentation showing a furnace and a sample 
assembly. [ Morgan L.Ferguson, Ph.D dissertation, Oregon State University, 
2011] 

 

Material inhomogeneity and heating rate could act as potential sources of error for 

this technique [9]. TGA experiments were carried out on several samples from the same 

batch of material and they had TGA data that were not consistent. It is possible that 

impure materials or materials that change over time may lead to variations in the TGA 

experiments. For this reason, data was collected for at least three specimens of a 

Sample
Temperature probe 

Furnace

Computer 

Balance Assembly



 
p

g

pr

co

ra

F

 

2

O

m

4

articular bat

enerally in th

ronounced e

onduction fo

amp rates at 

Figure 2.9: A
m
m

.3.3 Scann

Overview of 

The sc

magnification

0 keV). Elec

ch to acquire

he range of 

effect on the 

or nanomater

or above 5 °

A typical TG
moisture from
metal is comp

ning electr

SEM  

canning elec

n imaging by

ctrons that in

e reliable da

10-20 °C/mi

onset of oxi

rials [9]. For

°C/min [9].

GA profile fo
m the surface
pletely oxidi

ron micros

ctron micros

y scanning a 

nteract with a

ata. Heating r

in. It was ob

idation whic

r unpurified 

or Zn nanopa
e B) Sample
ized.  

scopy (SE

cope is a ver

sample with

atoms presen

rates used fo

bserved that h

ch can be attr

samples, co

article oxidat
e metal is oxi

EM) 

rsatile instru

h a beam of 

nt in the sam

or TGA mea

heating rate 

ributed to lo

mbustion wa

tion in air. A
idized in air

ument capabl

high energy

mple produce

asurements a

had a 

w rates of he

as observed 

A) Loss of 
r C) Sample 

le of high 

y electrons (0

e a variety o

46 

are 

eat 

for 

0.5 – 

f 



47 
 
signals which can be used to obtain information about the sample morphology, surface 

topography, chemical composition and electrical conductivity [10].  

Fundamental principles and instrumentation 

 The major components of an SEM include the electron gun, electromagnetic 

lenses, detectors and data output devices. In order to prevent contamination of the 

electron gun, and scattering of electrons by molecules, a high vacuum (~10-7 mbar) is 

maintained using mechanical, diffusion, ion or turbo pumps. Electrons emitted by the 

electron gun are focused through a series of electromagnetic lenses on to a sample 

mounted on a mobile stage. When the primary electron beam bombards a sample surface, 

energetic electrons penetrate into the sample and interact with matter for a given volume, 

which is defined as the interaction volume. This interaction of primary beam electrons 

with the sample gives rise to secondary electrons, back-scattered electrons, visible light 

and characteristic X-rays which can be collected by various detectors and can be further 

processed and displayed in the output device. Of all these methods, imaging via detection 

of secondary electrons was primarily used for our studies. A typical secondary electron 

image obtained using 3D Quanta Dual Beam SEM system is shown in Figure 2.10. The 

sample was imaged using an operating voltage of 15 kV and spot size of 3.0.  

 Another additional capability that is combined with some SEM instrumentation is 

focused ion beam (FIB) milling. For FIB milling samples were mounted on a motorized 

five-axis stage inside the chamber. When ions (Ga+ ions in our case) with energy of 1-30 

keV strike the surface of the solid sample with high current (~15 nA), they lose energy to 
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the electrons and atoms in the sample [11]. The physical effects of this energy transfer 

includes milling (sputtering of neutral and ionized substrate atoms), emission of 

electrons, displacement of atoms in the solid and photon emission. When FIB milling is 

completed, the samples are polished at a relatively low ion current (~1 nA) to obtain a 

smooth and defect free area of interest. The major applications of FIB is for TEM sample 

preparation and formation of cross-sections for defect analysis in semiconductor 

industries. For our work, we used FIB for characterizing the structure of the films we 

have coated and for obtaining thicknesses of the nanostructured films. A secondary 

electron image of a ZnO film subjected to FIB milling is shown in Figure 2.11. 

 

Figure 2.10: An SEM image of a ZnO film obtained by sol-gel chemistry.   
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impinges on the sample, and are elastically scattered through the sample. The resulting 

electrons that are transmitted through the sample are then magnified and focused on to an 

imaging device such as a fluorescent screen which is then collected by a CCD camera. 

This technique is capable of much higher resolution than light microscopes due to the 

small de Broglie wavelength of electrons, allowing the user to investigate atomic 

resolution features within a sample.  

For our work, a JOEL TEM 2010 system with 200 kV accelerating voltage was 

used. The nanoparticle samples were deposited on carbon coated TEM grids and the 

images were obtained with low electron doses to avoid beam induced damage and 

potential sample oxidation. A typical TEM image of a zinc nanoparticle used in our 

studies with observable atomic fringes is shown in Figure 2.13.  

 

Figure 2.13: A TEM image of an individual Zn nanoparticle showing atomic lattice 
fringes   
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TEM can operate in several modes that can allow for the system to observe 

electronic structure, crystal orientation, chemical identity of various samples. TEM can 

also be used for particle size determination. 

2.3.6 Micro-x-ray diffraction (XRD)  

Principle of XRD  

 X-ray diffraction is a technique used to identify atomic structure of materials and 

is based on elastic scattering of x-rays from the electron density of planes of atoms in a 

material. Diffracted x-rays undergo constructive and destructive interference for 

particular incident angles due to the spacing of atomic planes as shown in Figure 2.14. 

This intensity is recorded while a variety of angles are scanned, resulting in diffraction 

spectra, which can be related to crystal structure.  

The spacing of crystalline planes (d) can be related to the angle at which constructive 

interference occurs (θ) for a given x-ray wavelength (λ) using Bragg's law [15]. 

																														 = 																																																							( . ) 
where, n is an integer corresponding to the order of reflection. This d-spacing information 

can be used for identification of crystallographic structures. XRD is a fast, non-

destructive technique capable of providing information about the crystallographic phase, 

orientation, and chemical composition of materials.  

 The XRD data obtained for our work was collected using a Rigaku D/Max Rapid 

II instrument with a 2D image plate detector. X-rays were generated with a MicroMax 
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the incident beam and the normal to the reflecting plane. The analysis of diffraction data 

was carried out using JADE 9.1.5 (Materials Data Inc.) and PDF4+ database (ICSD). 

Quantitative phase analysis was carried out using JADE’s whole pattern refinement 

option using the published crystal structures of minerals related to the expected materials 

for this study. 

2.3.7 Ellipsometry  

 Ellipsometry is an optical technique which measures the change in polarization of 

a linearly polarized beam of light upon reflection from a thin film specimen as illustrated 

in the Figure 2.15. These polarization changes are highly sensitive to the physical 

dimensions (e.g. thickness) and optical properties of the film, making the technique very 

powerful for determining film thickness and optical properties. 

In a variable angle spectroscopic ellipsometer, measurements are taken for a range 

of incident angles and wavelengths. Psi (ψ) and delta (Δ) represent the raw measurement 

from the ellipsometer and correspond to the change in amplitude and phase of the 

polarized light, respectively, and are related by, 

 

																																 = ( ) ∆																																																		( . ) 
where, Rp and Rs are the complex Fresnel reflections for the p- and s- directions, 

respectively [16].  
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For our work, a J.A.Woolam variable angle spectroscopic ellipsometer (VASE) 

system with a rotating analyzer configuration was used. A Cauchy model was employed 

to determine the thickness of the oxide films. Data was collected after deposition of each 

layer in the device in order to add the known thickness for use in modeling to determine 

thickness of the new layer.  

 

2.3.8 X-ray photoelectron spectroscopy (XPS) 

Principle of XPS 

 X-ray photoelectron spectroscopy is a quantitative surface spectroscopic 

technique which provides information about structure and chemical composition of the 

surface of a sample [17]. The two common x-ray sources used are Al Kα (1486.6 eV) and 

Mg Kα (1253.6 eV). XPS spectra are obtained by irradiating a material with x-rays and 

measuring the quantity and kinetic energy of electrons that escape from the top 1-10nm 

of the material. XPS must be performed under ultra-high vacuum (UHV) in order to 

minimize electron scattering before detection. A typical XPS process is illustrated in 

Figure 2.16. An ejection of photoelectron from an inner shell of an atomic orbital when it 

interacts with a photon is also depicted in the figure. 

Analysis and quantification  

 The kinetic energy of an ejected electron (Ek) can be related to its binding energy 

(Eb) as follows, 																														 = − − 																																																				( . ) 
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current through two outer probes and measuring the voltage through the two inner probes. 

A Jandel model RM2 four point probe was used for our work. The resistivity of a film 

can be computed using the measured voltage with respect to the applied current using the 

following relation	
																															 	( ) = ∗ ∗( ) ∗ 																																						( . )		 

where t is the thickness of film in cm, I is the applied current in µA and V is the measured 

voltage in mV. A schematic of a typical 4-point probe is shown in Figure 2.17. 

 

Figure 2.17: A typical representation of a four-point probe  

2.4.2 Semiconductor parameter analyzer (SPA)  

 All of the electrical characterization of TFTs presented in this thesis used a probe 

station with Agilent 4155C precision semiconductor parameter analyzer. This instrument 
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acquires measured data using four source monitor units (SMU's) (-40 V ≤ Vsource ≤ 40V), 

(1 fA ≤ Isource ≤ 100mA). Three DC probes are used with tungsten tips, one each for the 

gate, source and drain contacts. This instrument was used for electrical characterization 

of our TFT devices by measuring the transfer characteristics, where we were then able to 

extract the turn-on-voltage, mobility and drain current on-to-off ratio from the data. Bias 

stress stability measurements on the TFTs were obtained with this instrument as well. 

 

 

 

 

 

 

 

 

 

 

 

 



60 
 
2.5 REFERENCES 

1. J.R. Vig, J.W.L. Bus, "UV/Ozone cleaning of surfaces", IEEE Transactions on Parts, 
Hybrids and Packaging, PHP-12, 365 (1976). 

2. S.Franssila, “Introduction to micro-fabrication”, John Wiley & Sons, Ltd., 2nd edition, 
(2010). 

3. S. Middleman, “The effect of induced airflow on the spin coating of viscous liquids”, 
J. Appl. Phys. 62, 2530 (1987). 

4. D. Mitzi, "Solution processing of inorganic materials", New Jersey : John Wiley & 
Sons, Inc., (2009). 

5. F.E.H.Tay, “Materials & process Integration for MEMS”, Kluwer academic 
publishers, (2002). 

6. M.A. Lieberman, A.J. Lichtenberg, "Principles of plasma discharges and 
 materials processing", New York: John Wiley and Sons Inc., first ed., (1994). 

7. Microchem, "SU-8 2000, permanent epoxy negative photoresist", 
www.microchem.com. 

8. J.C. Berg, “Wettability”, New York: Basel and Hong Kong: Marcel Dekker Inc., 
(1993). 

9. Thermogravimetric analysis - www.scribd.com/doc/13729612/TGA. 

10. L. Reimer, "Scanning Electron Microscope-Physics of image formation and 
microanalysis", New York : Springer-Verlag Berlin Heidelberg, 2nd edition, (1998). 

11. S. Reyntjens, R. Puers, "A review of focussed ion beam applications in microsystem 
technology", J. Micromech. Microeng. 11, 287, (2001).  

12. J. Morgan, J. Notte, R. Hill, B. Ward, "An introduction to Helium ion microscope", 
Microscopy Today, 14, 24, (2006).  

13. N. Economou, B. Ward, J. Morgan, J. Notte, "Helium ion microscopy: an 
introduction", Innovations in Pharmatceutical Technology, 24, (2008). 

14. B. Voutou, and E.C. Stefanaki, "Electron Microscopy: The Basics", Physics of 
Advanced Materials Winter School, 1, (2008). 

15. I. Chorkendorff, and J.W. Niemantsverdriet, "Concepts of Modern Catalysis and 
Catalysis", WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 2nd Edition, (2007). 



61 
 

16. J.A.Woollam, B.Johs, C.M.Herzinger, J.Hilfiker, R.Synowicki, and 
C.L.Bungay,“Overview of Variable Angle Spectroscopic Ellipsometry (VASE), Part I: 
Basic Theory and Typical Applications”, Critical Reviews of Optical Science and 
Technology CR72, 3 (1999).  

17. D.A. Skoog, F.J. Holler, and S.R. Crouch, "Principles of instrumental analysis", 
Thompson Brooks/cole, 6th edition, (2007). 

18. J.W. Robison, E.M.S. Frame, and G.M. Frame II, "Undergraduate instrumental 
analysis", New York : Marcel Dekker, 6th edition, (2005).  

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



62 
 
CHAPTER 3 - FORMATION AND CHARACTERIZATION OF ZINC OXIDE 
FILMS USING ZINC NANOPARTICLE DISPERSIONS 

 

3.1 INTRODUCTION  

Zinc Oxide (ZnO) is an economical and environmentally benign transparent wide 

bandgap (3.37eV) semiconductor with a number of interesting chemical, electrical, 

piezoelectrical, and optical properties making it uniquely suited for a variety of thin-film 

device applications. For example, ZnO has been used in gas sensors,2,3 photodiodes,4 

varistors,5 piezoelectric devices,3 and thin film transistors (TFT).1,6 Typically ZnO films 

are deposited by vacuum-based methods which include sputter deposition,7,8 

evaporation,9,10 chemical vapor deposition,11 and atomic layer deposition.12 To produce 

films at potentially lower costs, efforts have focused on solution-based methods, 

including sol-gel13,14 and oxide nanoparticle dispersions.1,6,15  

Recently, research has focused on using solution-processed ZnO as the active 

material for TFTs. ZnO nanoparticle approaches have been investigated by several 

groups, where stable dispersion of ZnO nanoparticles have been deposited and 

subsequently annealed.16 For these devices it was necessary to anneal to 500 °C in air to 

remove surface impurities including hydroxyls, and to obtain good device performance 

where mobilities as high as 0.104 cm2/Vs were obtained. One issue with the nanoparticle 

approach is that high temperatures are typically necessary to increase grain size and 

density of the films, and this may limit its applicability for low-temperature processing 

for flexible electronics on polymeric substrates. Meyers et al. have recently produced 
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dense, high quality polycrystalline ZnO films by inkjet printing and spin-coating for the 

channel layer in TFTs.17 It was found that large grain ZnO films were formed after post-

annealing the printed films to 300 °C or spin-coated films to 150 °C. The resulting 

devices had good electronic properties with incremental mobilities of 4-6 cm2/V sec, 

while the spin- coated films had incremental mobilities of 1.8 cm2/V sec. Cheng et al. 

have fabricated bottom gate TFTs with a ZnO channel layer produced using chemical 

bath deposition from a zinc nitrate precursor at 60 °C which was then dried at 100 °C 

with no further annealing.18 These devices had a channel mobility of 0.248 cm2/V sec.  

Another interesting property of ZnO is that numerous methods have already been 

demonstrated on how to form ZnO nanostructures with different morphologies such as 

nanorods,1,15,19 nanoneedles,20,21 nanowires,3,20,21 and nanobelts.3,22 Recently it has been 

demonstrated that nanostructured ZnO films can be formed by the thermal oxidation of 

Zn nanoparticle films.7,9 For example, Kim et al. deposited Zn nanowires by RF 

magnetron sputtering and fabricated coaxial Zn/ZnO nanocables by thermal oxidation 

between 100-400 °C. These studies indicated that controlled thermal oxidation of Zn 

nanowires results in substantial variation in the Zn/ZnO core-shell structures.7 Alivov et 

al. reported that thermal oxidation of Zn films, deposited by electron-beam evaporation, 

can have significant impact on film properties including roughness, resistivity, mobility 

and luminescence.9 It is fairly common to find oxide shells on the surface of metal 

nanoparticles, and for Zn the ZnO shell can significantly influence the nanoparticle's 

electrical, chemical, and physical properties. Furthermore, it has been shown that the ZnO 

shell can strongly influence the oxidation of Zn nanoparticles.23 For example, Gui et al. 
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have investigated the formation of nanostructures on Zn nano- and microparticles by a 

two-step oxidation process where pre-oxidation with H2O2 at different Zn/H2O2 ratios 

was followed by thermal oxidation.23 In the case of nanoparticles, the melting and 

oxidation of zinc led to the formation of nanostructures which occured simultaneously 

during the thermal oxidation step. In the case of microparticles, the oxidation process 

started only after melting of the zinc occured.  

Although there have been a number of studies investigating the formation of 

nanostructured ZnO by annealing Zn films, there has been limited characterization of the 

relative compositions of Zn and ZnO during annealing Zn nanoparticle films in air. 

Furthermore, no electrical characterization of ZnO test structures formed by the oxidation 

of metallic Zn films has been reported. In this chapter we present results on the formation 

of ZnO films via the thermal oxidation of spin-coated zinc nanoparticle films where the 

nanoparticles had vendor specified average diameters of 35 and 130 nm. The Zn 

nanoparticles were characterized using thermogravimetric analysis (TGA), while the Zn 

nanoparticle films were characterized using helium ion microscopy (HIM) and x-ray 

diffraction. Finally, the Zn nanoparticles were incorporated into zinc indium oxide (ZIO) 

solutions which were then used to fabricate test structures to evaluate the potential of 

forming nanostructured field-effect sensors using simple solution processing.  

3.2 EXPERIMENTAL METHODS 

Zn nanoparticles with vendor specified average diameters of 35 and 130 nm were 

purchased from Nanostructured and Amorphous Materials Inc. Particles were stored in an 
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inert environment prior to formation of dispersions to prevent the nanoparticles from 

incidental oxidation by minimizing exposure to oxygen (O2) and water vapor (H2O) from 

the ambient. 

Characterization of the commercial Zn nanoparticles 

A TA Instruments modulated TGA 2950 was used for thermogravimetric analysis 

of the 35 nm and 130 nm Zn nanoparticles. Analysis was performed using an air flow rate 

of 60 cm3/min. In each experiment, ~25 mg of particles were loaded into aluminum 

sample pans, heated at a rate of 5 °C/min up to 150 °C, and held isothermally for 10 min. 

The samples were then heated at the same rate up to 600 °C and again held isothermal for 

10 min.  

A Rigaku D/Max Rapid II micro-x-ray diffraction (micro-XRD) system was used 

to characterize the crystallographic phase and composition ratio of Zn:ZnO. The micro-

XRD has a rotating Cr anode (λ = 2.2897 Å) with an operating power of 875 W, where a 

0.3 mm collimator was used to define the analysis area. 

Preparation of zinc nanoparticle dispersions  

Stable dispersions of ~5 wt% were prepared by adding 1.0 g of Zn nanoparticles 

into 1:3 volume ratio of methanol:chloroform. 15 0.35 ml of either n-octylamine or n-

ethylmethylamine was added as a dispersant to stabilize the nanoparticle solution. The 

solutions were sonicated using a Branson digital sonifier 450 model ultrasonic probe. 

Typically the sonifier was operated at 400W and 50 % amplitude for ~30 min to break up 

nanoparticle agglomerations. During ultrasonication, the vials were placed in an ice bath 
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to minimize heating of the solutions and evaporation of volatile solvents. The resulting 

dispersions were found to be stable for several days. 

To form semiconducting zinc indium oxide (ZIO) films with embedded Zn 

nanoparticles we initially formed ZIO precursors using indium chloride (InCl3) and zinc 

chloride (ZnCl3) dissolved in acetonitrile (0.025 M InCl3/ZnCl3).
24 Ethylene glycol (EG) 

was then added to this solution in a 1:50 EG:acetonitrile volume ratio. The EG helps 

increase solution viscosity and decrease evaporation rate, enabling formation of uniform 

thin films.25 Finally, Zn nanoparticles were added to this solution to form a Zn loading of 

5 wt%.  

Deposition, oxidation and characterization of films 

The prepared 35 nm and 130 nm Zn nanoparticle dispersions were spin-coated at 

500 rpm for 30 sec on thermally oxidized Si substrates (100 nm SiO2). Prior to coating, 

the substrates were O2 plasma treated to remove residual organics and then exposed to 

hexamethylene disilazane (HMDS) vapor to create a hydrophobic surface prior to 

coating. 15 Film thicknesses from 35 nm and 130 nm particle dispersions were ~1.5 µm 

and ~2.5 µm, respectively, as determined by profilometry and scanning electron 

microscopy (SEM) cross-sections. These films were then annealed in a tube furnace for 1 

hour in air at temperatures between 100-600 °C with 100 °C steps. 

Images of the un-annealed films were obtained using HIM to investigate the film 

morphology and to analyze the nanoparticle size distribution. Using ImageJ 1.45I 
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software, the diameter of the nanoparticles were determined to be 162 ± 86 nm and 234 ± 

112 nm for the vendor specified 35nm and 130 nm, respectively.  

Micro-XRD analysis was performed to determine crystallographic phase and the 

relative composition of the Zn nanoparticles (e.g., Zn metal and ZnO) using Jade 9.1.5 

(Materials Data, Inc.) software. The resistivities (ρ) of the annealed films were measured 

using a Jandel model RM2 four point probe where the current, I, was set to 0.1µA and 

voltage, V (mV), was measured to determine the resistivity with respect to thickness, t 

(cm), of the films using the relation 

																																							 = ∗ ∗( ) ∗ 																																																		( . )		 
A set of TFT test structures were fabricated with channel layers formed by spin-

coating ZIO that did not contain Zn nanoparticles followed by the 5 wt% solutions of 

IZO with both Zn nanoparticle sizes. The spin-coating was carried out at 3000 rpm for 30 

sec on Si/SiO2 substrates. Prior to spin-coating, the substrates were made hydrophilic by 

ultrasonicating in a 1 M NaOH solution. Film thickness was ~600 nm as determined by 

profilometry. These films were annealed to 400, 500, and 600 °C in air for two hours. For 

these samples patterning was performed using photolithography, where a 0.5 mM HCl 

etch was used for the Zn nanoparticles followed by an oxalic acid etch to pattern the 

underlying ZIO layer. The TFT test structures were completed by evaporating 500 nm Al 

through a shadow mask to form source-drain contacts. A schematic of the test structure is 

shown in Figure 3.1. Another batch of TFT test structures with only spin-coated ZIO 
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solution processed under similar conditions were used as a reference for comparing the 

electrical characteristics between the devices fabricated for this work. 

 

Figure 3.1: Structure of a bottom-gate thin film transistor (TFT) test structure in which 
the Zn nanoparticles are deposited by spin-coating and then oxidized to ZnO 
by annealing in air. 

 

3.3 RESULTS AND DISCUSSIONS 

In Figure 3.2 we show SEM images of the 162 and 234 nm Zn nanoparticle films 

formed on Si/SiO2 substrates. As can be seen, there is a wide size distribution of 
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nanoparticles and the particles are seen to aggregate. Small rumple structures and cavities 

can be seen, which are primarily responsible for the large specific surface area making 

the particles quite active and susceptible to oxidation. The 234 nm nanoparticles are seen 

to have a larger general range of particle sizes than the 162 nm nanoparticles and appear 

to be more porous and less densely packed as well.  

    

Figure 3.2: SEM images showing size distribution of zinc nanoparticles with estimated 
average diameters of (a) 162nm (b) 234nm. 

 

It has been proposed that the Zn core is typically surrounded by a transparent 

layer of ZnO formed by native oxidation in air and that during annealing, Zn from the 

core diffuses to the outer surface of the nanoparticles, while oxygen diffuses from the 

surface to the core of the nanoparticles. 26,27,28,29 This process effectively increases the 

ZnO shell thickness until all of the Zn atoms in the core have reacted and only a hollow 

particle of ZnO exists. 

      2 µm      2 µm 

(a) Zn davg= 162 nm (b) Zn davg= 234 nm 
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 HIM images of the spin-coated Zn nanoparticle films annealed at different 

temperatures are shown in Figure 3.3 a-n. Films formed from 162 nm nanoparticles had 

minimal structural changes for annealing temperatures below 400 °C, but at this 

temperature and above coalescence of the nanoparticles occurs. Furthermore, significant 

structural changes were observed for films annealed to 500 and 600 °C, where a variety 

of morphologies are seen including various nanostructures including ribbons and rods. 

We found that the larger particles had structural changes beginning at 300 °C, and 

showed similarly variable morphology for anneal temperatures 400 °C and higher, 

including the formation of nanostructures such as nanoribbons, nanoneedles20,21 and 

nanorods.1,15,19 However, these nanostructures were formed only in specific regions of the 

films which may be related to regions with initially larger Zn nanoparticles.  

Prior studies have proposed that nanorod formation from the oxidation of Zn 

nanoparticles is related to the Zn/ZnO core-shell structure, where large stresses are 

created for increasing temperature due to the large difference in thermal expansion 

coefficients of Zn (60.8 x 10-6/degree) and ZnO (4 x 10-6/degree).28 This results in a large 

amount of stress at high temperatures which causes the ZnO outer shell to fracture. At 

these high temperatures the evaporation of metallic zinc can occur through these 

fractures, and this Zn vapor can be rapidly oxidized by air resulting in the formation of 

the ZnO nanostructures.  
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Figure 3.4: TGA graph showing oxidation of 162nm and 234nm diameter Zn 
nanoparticles. 

 

In Figure 3.4 we show thermogravimetric data for 162 and 234 nm Zn 

nanoparticles to identify the onset of oxidation, the temperature at which the 

nanoparticles are completely oxidized, and their respective mass gains. In the first step, 

Zn nanoparticles were heated in air to 150 ºC at a ramp rate of 5 °C/min and held at 150 

ºC for 10 min to remove moisture. The data indicates that there was no mass change 

during this step. Particles were then heated to 600 °C at the same ramp rate, and a 

significant mass increase was observed. This mass increase can be attributed to the 

oxidation of the Zn nanoparticles, with the onset of oxidation occurring at ~250 °C for 
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of a native oxide shell on the Zn nanoparticles. Peaks corresponding to ZnO are less 

intense for annealing temperatures up to 300 °C, before gradually increasing for 

temperatures between 300-500 °C and becoming quite prominent for 400 and 500 °C, as 

shown by the intense peak corresponding to the (101) plane of ZnO. Likewise, peaks 

corresponding to Zn show high intensity for annealing temperatures up to 300 °C, 

decreasing for 400 °C, and ultimately disappearing for 500 °C, as shown by the intense 

peak corresponding to the (101) plane of Zn metal. The peak at 2θ = 88.72° in the XRD 

plot for larger nanoparticle films annealed to 600 ºC corresponds to Si (311) peak from 

the substrate. These data indicate the complete oxidation of Zn to ZnO occurs between 

400 to 500° C. Furthermore, films formed from 162 and 234 nm Zn nanoparticles had 

similar behavior, but with slightly varying relative intensities.  

Quantitative phase analysis was carried out using JADE 9.1.5 analysis software 

where the whole pattern refinement option was used with the published crystal structures 

of Zn (PDF #01-071-3764) and ZnO (PDF #01-074-9939) to estimate the relative 

compositions of Zn and ZnO in the films. The gradual decrease in Zn composition and 

accompanying increase in ZnO composition for increasing annealing temperature is 

shown in Figure 3.6. The weight percent Zn:ZnO ratio for room temperature films was 

determined to be 70.1%:29.9% for the smaller nanoparticles and 76.9%:23.1% for larger 

nanoparticles indicating that films with larger nanoparticles have a larger metallic 

component than smaller nanoparticles, which is consistent with the TGA analysis 

described above. Furthermore, Zn was not detectable in the films with smaller 

nanoparticles annealed to 500 °C, whereas in the films with larger nanoparticles, Zn was 
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 Film resistivity measurements using a 4-point probe are summarized in Table 3.1. 

Films formed from the 162 nm Zn nanoparticles had a measured resistivity of ~11 Ω cm 

after annealing to 300 °C, and increased to ~ 350 - 650 Ω cm after annealing to 400-600 

°C. In contrast, films formed from the 234 nm nanoparticles had resistivity values of 

~105 Ω cm after annealing to 300 °C, and increased to nearly 1,100 Ω cm after annealing 

to 500 and 600 °C. The reason for the low values of resistivity for 300 and 400 °C is 

likely due to the presence of a Zn core, whereas films annealed to 500 °C and 600 °C are 

almost completely oxidized (as indicated by the micro-XRD data) resulting in higher 

resistivities. 

 

Table 3.1: Resistivity measurements of Zn nanoparticles, davg = 162 nm and Zn 
nanoparticles, davg = 234 nm films spin-coated using dispersions made up of 
chloroform/ methanol and n-octylamine as a dispersant and after annealing at 
300 °C, 400°C, 500°C & 600°C in air. 

 

Resistivity (Ω cm) 
Temperature °C   Zn davg= 162nm    Zn davg= 234nm

300 11.0 105.2

400 355.2 373.7

500 574.0 1059.7

600 658.8 1093.5
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 Thin film transistor test structures were prepared with spin coated ZIO films, as 

well as with films consisting of one layer of 0.025 M ZIO followed by an additional layer 

of ~5 wt% zinc nanoparticle solution using either 162 or 234 nm Zn nanoparticles 

dispersed in 0.025M ZIO. The devices fabricated without nanoparticles were used as a 

reference. The ZIO devices were annealed to 400, 500 and 600 °C and the transfer 

characteristics of the resulting devices are shown in Figure 3.8 a, where the gate voltage 

(VGS) was scanned from -40 V to 40 V and back to -40 V with a fixed drain voltage (VDS) 

of 1 V. The ZIO devices annealed to 400, 500 and 600 °C had turn on voltage (VON) of -

7, 0 and -17 V with Ion/Ioff ratios of ~106, 107 and 105. The average mobility (µavg) were 

determined to be 1.72, 1.78 and 0.71 cm2/V sec, respectively.  
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Figure 3.8: Electrical characterization of TFTs deposited and annealed to 400°C, 500°C 
& 600°C by spin coating (a) ZIO films (b) a bottom ZIO layer with a 5% 
solution of davg = 162 nm Zn dispersed in ZIO. (c) A bottom ZIO layer with a 
5% solution of davg = 234 nm Zn dispersed in ZIO. 
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Transfer characteristics, with the same VGS range and VDS, were obtained for 

devices that were formed with ZIO precursor containing Zn nanoparticles after a 400 °C 

anneal. For these devices we observed a combination of both conducting characteristics 

associated with Zn nanoparticles and semiconducting characteristics of the underlying 

ZIO layer, as shown in Figure 3.8 b and 3.8 c. For negative VGS the channel conductance 

is dominated by the Zn nanoparticle films, likely due to the large thickness of the films 

and the relatively low resistivities of the Zn nanoparticle films. For positive VGS the 400° 

C films are observed to have field enhanced conduction, likely due to the semiconducting 

ZIO layer. Both nanoparticle based devices exhibited VON of ~ -10V which is in good 

agreement with their corresponding reference devices. However, the Ion/Ioff ratio was in 

the range of 101 to 102, much lower than that of the reference ZIO devices. The average 

mobilities on these devices could not be accurately calculated due to their high channel 

conductance. The I-V characteristics were also obtained for devices with nanoparticle 

films annealed to 500 and 600 °C. In the case of films with 162 nm nanoparticles, the 

drain current versus gate voltage was nearly a straight line in the resistive region for both 

500 and 600 °C annealed devices. This suggests that the flow of current in the channel is 

dominated by the relatively low resistivity of the ZnO films, which was confirmed by the 

associated four-point probe measurements. The films with 234 nm had similar 

characteristics. Since there was no defined Ion/Ioff characteristics observed, the VON, 

average mobility and Ion/Ioff ratio could not be determined. 
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3.4 CONCLUSIONS 

In this chapter, we reported on a novel method for obtaining nanostructured ZnO 

films via thermal oxidation of spin-coated metallic Zn nanoparticles. Thermal analysis 

indicates that the onset of oxidation for the Zn nanoparticles occurs at ~250 °C. Weight 

gains determined by TGA corresponding to oxidation of particles were 15.1% and 19.4% 

for 162 and 234 nm Zn nanoparticles, respectively. HIM imaging showed formation of a 

variety of nanostructures for increasing annealing temperatures, particularly for larger 

particles. This is likely due to the fracture of the ZnO shell and rapid oxidation of the Zn 

metal vapor that passes through these defects. Micro-XRD analysis of the films indicates 

the existence of both Zn and ZnO phases for samples annealed at lower temperatures, 

with increasing intensity of ZnO diffraction peaks and decreasing intensity of Zn 

diffraction peaks for increasing temperature until the films are completely oxidized at 

~500°C. Likewise, micro-XRD results were used to estimate the relative compositions of 

metallic Zn and ZnO of the films, which compared reasonably with TGA analysis. 

Resistivity measurements indicate that the films are highly resistive. However, electrical 

characterization of the TFTs fabricated with Zn nanoparticle and ZIO precursors were 

dominated by the conducting nature of the thick Zn nanoparticle films. 
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CHAPTER-4 MOLECULAR PASSIVATION OF AMORPHOUS ZINC TIN 
OXIDE THIN FILM TRANSISTORS USING N-HEXYLPHOSPHONIC ACID 

 

4.1 INTRODUCTION 

 Transparent amorphous oxide semiconductors (TAOS) have gained much 

attention for potential use as the active semiconductor in thin film transistors (TFTs) for 

large area, high definition displays. 1 These materials, which are composed of heavy 

metal cations (HMCs) with (n-1)d10ns0 (n ≥ 4), such as indium gallium zinc oxide 

(IGZO) and zinc tin oxide (ZTO), constitute an interesting class of semiconductors that 

can be used as either conductors or active materials for TFTs, since they possess 

relatively high electron mobilities despite their amorphous nature. 2-4 It has been 

demonstrated that oxide TFTs have electrical characteristics suitable for use as select 

transistors for pixels in an active-matrix liquid crystal display (AMLCD). 5 However, 

good stability of the TFTs under bias stress is necessary since any shift in threshold 

voltage (Vth) will cause display non-uniformities by changing the brightness of individual 

pixels. 6-11  This threshold voltage instability is attributed not only to charge trapping at 

the channel/insulator interface, but also to the interaction between water, oxygen and/or 

other molecules in the ambient atmosphere with the exposed channel back-surface during 

gate voltage stress for bottom gate TFTs. 10, 12-17  

Various passivation layers have been used for oxide TFTs, such as SiOx, SiNx, 

AlOx, and poly (methyl methacrylate) (PMMA), to improve bias stress stability by 

minimizing the interaction with molecules in the atmosphere and the back channel 
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layer.15, 18-21 Inorganic passivation has been reported to impact the performance of 

unstressed devices. For example, inorganic passivated devices have shown negative 

shifted Vth when compared to unpassivated devices, with no change in field effect 

mobility (µFE) or sub-threshold swing (S). 22 It was suggested that desorption of O2 from 

the surface during bias stressing results in higher carrier densities and a negative shift in 

the threshold voltage. 22 In another study it was reported that SiO2 could be used to 

passivate ZTO TFTs, but that additional annealing steps were necessary to minimize 

negative shifts in the turn on voltage (Von) when compared to unpassivated TFTs.18 On 

the other hand, hybrimer passivation using methacrylate or epoxy gave much better Von 

and S stability compared to poly(methyl methacrylate) (PMMA). It was proposed that the 

higher TFT instability for PMMA is due to the diffusion of H2O molecules through the 

polymer layer during bias stress.23 

 Organic molecules are considered attractive functional materials due to their 

structural variability and have recently led to fabrication of hybrid organic-inorganic 

structures with a wide range of material properties. 23, 24 Such hybrid materials have been 

developed in the form of nanoparticles, thin films, and self-assembled monolayers 

(SAMs). As mentioned above, methacrylate/epoxy hybrimer perform well as an organic-

inorganic hybrid passivation layer due to the excellent diffusion barrier formed for O2 

and H2O. It was demonstrated that ZTO TFTs with hybrimer passivation layers had much 

improved gate bias stability and resilience to environmental degradation.23 Organic 

SAMs are commonly used to modify metal/metal oxide surfaces and tune their electronic 

and interfacial properties. The molecular design of SAMs allows for the specific tuning 
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of surface properties for wide-ranging applications including coatings for corrosion 

protection 25, 26 and as active elements in sensors.27 For example, SAMs patterned via 

micro-contact printing can be used to define regions on transparent conducting oxide 

films that will not be wet etched, and may provide a low cost method for fabricating 

display structures.28  

 Silanes, 29, 30 thiols, 31-33 carboxylic acids, 34 and phosphonic acids (PA) 35-46 have 

all been used as molecular anchors on metal oxide surfaces. While thiols have shown 

some promise, silanes are only appropriate for specific applications and have shown 

some limitations due to the dependence on surface hydroxyl concentration and the 

tendency to hydrolyze and polymerize in solution. 40 Likewise, carboxylic acids do not 

bind strongly to the metal oxide surface. 34, 44 Phosphonic acids (PA) have been used to 

successfully modify a variety of metal oxide surfaces with high packing densities and 

good stability. Furthermore, metal oxide surfaces modified with alkane–based 

phosphonic acid species are insensitive to water as a result of the low surface energy due 

to the alkane groups and the strong bonding between the phosphonic group and the oxide 

surface. 47 It has been suggested that improved stability of phosphonic SAM films can 

occur through activation of bonding by thermal annealing after absorption of the SAM 

layer on the substrate. 48, 49 It was proposed that in the unheated film phosphonic acid 

molecules are only hydrogen bonded to the substrate and to neighboring molecules. 

Thermal annealing after the SAM formation promotes strong chemical bonding of 

phosphonic acid molecules to the surface. In a recent study, Perkins compared both 

hexanethiol and n-hexylphosphonic acid as a surface modifier for polycrystalline ZnO 
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thin films and ZnO crystals. 35 It was shown that improved corrosion resistance against 

Brönsted acids was achieved with monolayers formed from n-HPA compared to 

monolayers formed from hexanethiol.35  

Although a tremendous amount of data has been published on the interaction of 

SAMs with oxide surfaces, there have been no studies on the surface functionalization of 

ZTO with SAMs. In this article, we have studied the interaction of n-HPA with 

amorphous ZTO. The surface was characterized using contact angle measurements and 

X-ray photoelectron spectroscopy (XPS). Furthermore, we have fabricated bottom-gate 

TFTs with and without n-HPA passivation, and measured the corresponding electrical 

characteristics for these devices.  

4.2 EXPERIMENTAL 

N-hexylphosphonic acid (n-HPA, C6H15O3P) was purchased from STREM 

chemicals, stored in a desiccator, and used without further purification. A structural 

representation of n-HPA is shown in Figure 4.1 (a). Solutions of 2 mM n-HPA were 

prepared by diluting in 95% ACS grade ethanol.  

Surface modification of blanket ZTO substrates 

The blanket and patterned ZTO films used for our work were deposited using RF 

magnetron sputter deposition. Prior to deposition Si substrates with thermally grown SiO2 

(100nm) were cleaned with acetone, isopropyl alcohol (IPA) and DI water followed by 

exposure to UV-Ozone for 1 hour to remove organic contaminants. A 3 inch diameter 

ceramic ZTO target (2:1 ZnO:SnO2) was used for these studies and was purchased from 
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AJA International Inc. Typical sputter deposition conditions used an RF power of 100 W, 

a chamber pressure of ~ 4 mTorr, 20 SCCM flow rate that included a mixture of 1:19 

O2:Ar. The deposition time was adjusted to obtain a desired ZTO film thickness of ~ 40 

nm. During deposition the substrate was rotated to ensure thickness uniformity. For 

TFTs, the channel layer was patterned using a shadow mask during the deposition 

process. The as-deposited ZTO films were post-annealed in air with a ramp rate of 10 

°C/min up to 600 °C in a tube furnace. Staggered bottom gate TFT type structures were 

finished by depositing ~500 nm Al by thermal evaporation through a shadow mask to 

define the source and drain contacts. Fabricated TFT width and length were 1000 µm by 

200 µm, respectively.   

The ZTO blanket films were cleaned using UV ozone for 1 hour to remove 

organic contaminants and to increase the surface energy to assist in uniform binding of n-

HPA to the ZTO surface. Within 15 minutes of UV ozone cleaning, the substrates were 

immersed in a glass petri dish containing 100 mL of 2 mM n-HPA solution and allowed 

to functionalize for an amount of time ranging from 10 seconds to 1 day. After the 

specified exposure time, the immersed ZTO substrates were removed from solution and 

thoroughly rinsed with 95% ethanol and blown dried with N2.  

Contact angle measurements 

  An FTA32 goniometer was used to perform video-based contact angle 

measurements. Contact angles from the ZTO substrates were obtained within 15 minutes 

of functionalization using 0.015 mL of water as the probe liquid. Two droplets were 
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were allowed to functionalize in n-HPA for ~16 hours followed by rinsing and blow 

drying. For comparison, TFTs were either measured with no further treatment or after a 

post-annealing at 140 °C for 48 hours. For these annealing studies, samples were placed 

in a quartz tube with flowing dry nitrogen. Post annealing was performed to activate the 

chemical bonding at the surface. 36 To ensure that no physisorbed n-HPA molecules 

remained on the surface after the annealing step, a base rinse was performed by 

sonicating the samples in 5% triethylamine/ethanol solution for 30 minutes followed by 

rinsing with ethanol and drying under nitrogen flow. In Figure 4.1, a schematic of ZTO 

TFTs (b) without and (c) with n-HPA is schematically illustrated. 

X-ray photoelectron spectroscopy (XPS) 

Surface analysis was performed on the ZTO TFTs using X-ray photoelectron 

spectroscopy (XPS). The XPS instrument used for this study was a Phi 5000 VersaProbe, 

which used monochromatic Al Kα radiation with a photon energy of 1486.6eV. All 

spectra were obtained with a pass energy of 23.5 eV and high resolution data were 

obtained with a 0.2 eV step size. All XPS measurements were carried out at a take-off 

angle of 45°. To correct for sample charging the C 1s peak for all spectra were set to 

284.6 eV. 50 

Electrical measurements 

  All TFT bias-stress measurements were performed at room temperature in air 

using an Agilent 4155C precision semiconductor parameter analyzer. Transistors were 

measured in a dark box to separate bias effects from light induced shifts of Vth. Single 
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sweep source-to-drain current versus gate voltage (IDS-VGS) transfer curves were 

measured with the drain voltage (VDS) set to 1 V. The stress measurements were 

performed up to 104 sec using an applied VGS of 10 V (1 MV/cm) and VDS set to 0 V. The 

bias stressing was interrupted at pre-determined times to measure the transfer 

characteristics. A single sweep consisted of ramping VGS from either -10 to 15 V or -15 

to 10 V with 0.1 V steps, depending on the Von for each transistor.   

4.3 RESULTS AND DISCUSSIONS 

 Water contact angle measurements were performed to determine the saturation 

coverage of n-HPA monolayers on ZTO. The average contact angles of the UV-O3 

cleaned blanket ZTO were ~26.6° due to the removal of organic contaminants and 

increased activation of surface oxygen species. The functionalization with n-HPA 

increased the contact angle for the surface indicating the surface has a lower surface 

energy after the n-HPA treatment. A summary of contact angle measurements for blanket 

ZTO films exposed to n-HPA for various times is shown in Figure 4.2. The contact angle 

was found to increase with increasing n-HPA exposure time, where a maximum contact 

angle of 104.8° was obtained at 16 hours. This contact angle was in reasonable agreement 

with values obtained for n-HPA functionalized ZnO surfaces using similar conditions in a 

prior study.35 A reference substrate was also exposed to n-HPA for 24 hours to confirm 

that contact angle did not continue to increase with exposure time and that the surface 

had reached saturation.  
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%L-G of 10 was used for the main peak at 530.4eV which we assign to oxygen 

coordinated with zinc and tin in the ZTO film. For the samples that are not functionalized 

we assign the shoulder at 531.7eV to surface hydroxyl groups, while the third peak at 

532.9 eV is assigned to H2O absorbed on to the surface. 52 In prior studies, it has been 

shown that the O 1s peak changes in shape due to the binding of phosphonic acid groups 

to the oxide surface. This is due to the reaction between surface hydroxyl groups leading 

to the formation of P-O-M bonds. 36 The O 1s peaks for the ZTO films with n-HPA are 

also shown in Figure 4.5. We found that it was again necessary to use three peaks to fit 

the data, but that we required a slightly lower FWHM of 1.36 when compared to the 

surfaces with no HPA. Both un-annealed and 140 °C annealed n-HPA/ZTO surfaces 

showed a main O 1s peak at 530.1 eV which we assign to oxygen coordinated with zinc 

and tin in the ZTO. In comparison to un-functionalized devices, the main O 1s peak is 

reduced in intensity for the samples functionalized with n-HPA. This can be attributed to 

the formation of molecular monolayers on the surface that attenuates photoelectrons 

originating from the ZTO. Similar attenuation of the substrate signal for surfaces 

functionalized with SAMS has been shown in a prior study. 36 The second peak was 

determined to be at 531.29eV and 531.35eV for the SAM/ZTO devices that were not 

post-annealed and post-annealed to 140 °C.  These peaks can be attributed to P-O-Zn/P-

O-Sn and P=O. It should also be noted that this second peak increases in relative intensity 

compared to the surfaces without n-HPA suggesting a higher surface concentration of 

these species. The third peak at a higher binding energy of 532.5 eV can be assigned to 

the P-OH species. These O 1s binding energies are consistent with literature values for 
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be 132.98 and 133.84 eV, respectively. For the post-functionalization annealed samples 

similar fitting parameters were used except for the FWHM which was significantly 

reduced to 1.18 eV and the binding energy for the P 2p3/2 and P 2p1/2 were determined to 

be 132.94 and 133.80 eV, respectively.  As expected the P 2p peak was not observed for 

ZTO films which were not functionalized with n-HPA. The significant reduction in 

FWHM in the P 2p spectra for the post-functionalization annealed samples suggests 

higher uniformity of the n-HPA bonding to the ZTO surface, possibly due to bond 

activation. 

Figure 4.8 shows ID versus VGS transfer characteristics for the ZTO TFTs, after 

various treatments, as a function of gate bias stress time.  Both un-functionalized and n-

HPA functionalized ZTO TFTs were characterized to investigate the effect of back-

channel molecular passivation on gate-bias stress stability. For these studies a gate bias of 

10 V was applied while the source and drain electrodes were grounded. As the duration 

of applied gate bias increased, positive threshold voltage shifts were observed during 

which the sub-threshold slope and the average mobility (µavg) remained unchanged. The 

room temperature un-functionalized TFTs had an average mobility (µavg) of 10.8 cm2/Vs 

and a maximum turn-on voltage shift (ΔVON) of 0.8 V for 10000 sec of applied stress, 

whereas the un-functionalized devices annealed to 140°C had an µavg of 12.6 cm2/Vs and 

ΔVON of 1.5 V. A variety of mechanisms have been proposed for bias stress induced 

shifts of ZTO TFTs including charge injection and trapping at the dielectric/ZTO 

interface, trapping in the ZTO channel, or from the absorption/desorption of molecules 

from the atmosphere during bias stress. 17, 58, 59, 60  
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where ΔVo = VG,stress - Vthi , which is approximately the effective voltage drop across the 

gate oxide, τ is the characteristic trapping time of carriers, and β is the stretched 

exponential exponent. In using this relationship, we use VON in the place of Vth due to the 

higher precision for obtaining VON. The characteristic trapping time is thermally activated 

and is related to an effective energy barrier that carriers in the semiconductor channel 

must overcome before entering charge trap states. Although this model is primarily used 

to describe VON shifts due to trapping at the dielectric interface or due to metastability in 

the channel material we have found that molecular passivation has a profound effect on 

reducing bias induced VON shifts where there were no other changes in the system.  We 

also found that the logarithmic time dependence model did not adequately fit the 

experimental data as have other groups evaluating the effect of molecular absorption on 

bias stress instabilities for TAOS TFTs. 17 

The shift in VON (V) versus bias stress time (sec) for ZTO devices with and 

without n-HPA and with and without post-annealing treatment are shown in Figure 4.9 

and 4.10, along with fits to the stretched exponential model for the un-functionalized 

TFTs.  The values of VON were obtained by using log (ID/(W/L))(A) equal to -11 from the 

corresponding log ID versus VGS plots. The extracted values of τ and β for different 

thermal treatments are summarized in Table 4.1. The τ values were determined to be 1.4 

x 108 and 9.0 x 105 sec while β values were 0.30 and 0.59 for the un-functionalized 

devices that were not annealed and post-annealed to 140 °C, respectively. The 

characteristic trapping times estimated from the stretched exponential model are in 

reasonably good agreement with prior studies for various TFT materials and structures. 
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The TFTs with n-HPA had a maximum ΔVON of 0.1V irrespective of the post-

functionalization annealing treatment. One major difference is that the TFTs with n-HPA 

that was not annealed had a shift of 0.1 V after 100 sec of gate bias stress, whereas the 

TFTs with n-HPA that was annealed to 140 °C had a shift of 0.1 V only after 10000 sec. 

This suggests that ZTO TFTs with post-functionalization thermal annealing are even 

more stable than those without. This could be attributed to the fact that assembling the n-

HPA from solution on the zinc tin oxide surface followed by thermal annealing to 

moderate temperature could possibly lead to formation of self-assembled monolayers 

with more uniform surface-bound phosphonic acid-anchored alkyl chains.  This is 

consistent with the reduced with in the FWHM of the P 2p peak fitting parameters for the 

N-HPA functionalized surface that had the activation anneal.   

As mentioned above, these results suggest that the threshold voltage shifts can be 

attributed to the back channel surface and not the dielectric/semiconductor interface since 

the functionalization of the ZTO makes a tremendous difference in the observed bias 

stress shifts. This may be due to the adsorption/desorption of oxygen and water vapor on 

the exposed back channel layer by the application of a positive gate bias.  

For example, Several studies have suggested that oxygen molecules absorbed on a 

TAOS back-channel can accept electrons from the conduction band resulting in 

superoxide formation (O2
-) according to the following reaction equation, 

 O + e 	→ O  
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This reaction leads to the formation of a depletion layer at the TAOS surface, and a space 

charge width that can approach the thickness of the channel layer, which can result in a 

positive shift of VON. 15, 62, 63 

Likewise it has been shown that the absorption of H2O on a TAOS surface can 

donate electrons to the conduction band, as well as provide electron traps. 15 This reaction 

leads to the formation of an accumulation layer at the TAOS surface which can result in a 

negative shift in VON.  To obtain a positive VON shift, as observed in the experiments for 

the un-functionalized surfaces, it would be necessary for water molecules to desorb 

during positive gate bias stress.  Likewise, if water desorption does occur upon positive 

gate bias it would be expected that the sub-threshold slope would be reduced during this 

process due to the reduction of water induced traps. 15 Since we have not observed any 

change in S we believed that field-induced chemisorption of oxygen on the backchannel 

was the dominant mechanism leading to the VON shift for un-functionalized surfaces 

during positive bias stressing. This effect has been proposed by other groups as well for 

IGZO surfaces. 15,64 

4.4 CONCLUSIONS 

 High-performance stable ZTO TFTs were fabricated through the molecular 

passivation of the back channel surface with n-hexylphosphonic acid.  Contact angle 

measurements indicate that SAMs formed using n-HPA was hydrophobic, suggesting 

good coverage. XPS confirms that the phosphonic acid chemically binds to the ZTO 

surface and that the surface bonding is activated by a post 140 °C anneal. All ZTO TFTs, 
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regardless of functionalization or post-annealing treatment had positive turn-on voltage 

shifts with application of a positive gate bias stress. The time dependence of the turn-on 

voltage shifts for the un-functionalized ZTO devices was best described by a stretched 

exponential model.  It was found that n-HPA functionalized ZTO TFTs with and without 

post-annealing had significant lower ∆VON compared to un-functionalized ZTO TFTs. 

These data suggest that n-HPA forms very stable back channel surfaces resulting in very 

stable devices.  Finally, we propose that these well-packed SAMs protect the ZTO back-

channel from interaction with ambient O2/H2O, thus preventing the modulation of 

channel conductance.  
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CHAPTER -5 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

 

5.1 CONCLUSIONS 

This thesis focusses on deposition, functionalization, physical and electrical 

characterization of two types of oxide-based semiconductor films used for various 

applications. 

Firstly we have shown new approach for obtaining nanostructured ZnO films via 

thermal oxidation of Zn nanoparticle films that were obtained by spin coating metallic Zn 

nanoparticles. SEM images of commercial nanoparticles of two different sizes were 

imported into imageJ software and the size distributions were found to be 162 ± 86 nm 

and 234 ± 112 nm for the vendor specified 35 nm and 130 nm respectively. The Zn 

nanoparticles were stable with an onset of oxidation of ~250 °C during the thermal 

analysis using TGA and the weight gains corresponding to oxidation of nanoparticles 

were 15.1% and 19.4% for 162 and 234 nm Zn nanoparticles, respectively. Imaging with 

HIM showed formation of a variety of nanostructures for increasing annealing 

temperatures, especially for larger particles. The existence of Zn and ZnO phases on the 

un-annealed and annealed samples were confirmed using Micro-XRD. Decreasing 

intensity of Zn diffraction peaks with increasing intensity of ZnO diffraction peaks were 

observed for increasing temperature upto 500°C at which the samples oxidized 

completely. The relative compositions of metallic Zn and ZnO of the films were also 

determined using micro-XRD. The wt% of Zn and ZnO on these films were used to 

determine thickness of ZnO outer shell on the Zn nanoparticles at temperatures between 
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100-600 °C. Resistivity measurements indicate that the films are highly resistive. 

However, electrical characterization of the TFTs fabricated with Zn nanoparticle and ZIO 

precursors were dominated by the conducting nature of the thick Zn nanoparticle films. 

Secondly, stable TFTs with sputter deposited ZTO were fabricated via 

functionalization of the channel surface with SAMs by exposure to n-HPA. Contact angle 

measurements suggested that SAMs formed using n-HPA were hydrophobic, ensuring 

good coverage. Chemical binding of phosphonic acid to the ZTO surface was confirmed 

using XPS. With application of positive bias at the gate, all ZTO TFTs, regardless of 

functionalization or post-annealing treatment, exhibited a positive turn-on voltage shift. 

Stretched exponential equation was used to obtain a best fit to the experimental data 

suggesting that the VON shift is due to absorption of molecules from the ambient as well 

as the charge trapping at the semiconductor/oxide interface. After 104 sec of gate bias, n-

HPA functionalized ZTO TFTs with and without post-annealing showed significant 

improvement in device characteristics compared to un-functionalized ZTO TFTs. The 

ZTO TFTs with n-HPA exhibited a ΔVON  as low as 0.1 V which indicated that the 

surfaces are very stable and the well-packed SAMs protected the ZTO back-channel from 

ambient molecules whose interaction would have altered the channel conductance. 

5.2 RECOMMENDATIONS FOR FUTURE WORK 

 For further studies, bias stress stability measurements can be done on the un-

functionalized/functionalized ZTO TFTs by varying the substrate temperatures and also 

by testing in different ambients like air, nitrogen, vacuum, H2 and O2. Light effects during 
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the bias stress measurements can also be studied. The morphology of the n-HPA 

functionalized ZTO films can be analyzed using atomic force microscopy (AFM). Fourier 

transform infrared spectroscopy (FTIR) can be done to find the stretching vibrations of P-

O, P=O, P-OH and identify whether the phosphonic acid is bound to the ZTO surface in a 

mono-dentate, bi-dentate or tri-dentate fashion.  
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