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ABSTRACT 

Metal oxide systems are well known for their high dielectric constants, which are important for 

advanced microelectronics applications. The microelectronics industry currently employs 

vacuum-based techniques, such as chemical vapor deposition (CVD), to deposit metal oxide 

films. These vapor-phase deposition techniques suffer due to their slow deposition rates and their 

use of expensive equipment. Additionally, these processes sometimes require the use of harmful 

source gases and/or generate corrosive by-products. On the other hand, solution-processed thin 

films fabricated by spin-coating are advantageous because the process is simple, low cost, and 

scalable. Aqueous solution deposition is particularly attractive because it offers a green 

alternative to vapor-phase deposition and has been shown to produce uniform thin films by spin 

coating on hydrophilic silicon surfaces. However, it has been shown that silicon’s native oxide 

can degrade device performance due to its electronic interfacial states. In addition, aqueous-

derived thin films suffer from poor electrical performance due to mobile water and hydroxyl 

protons, often requiring very high temperature anneals to mitigate. Such anneals compromise the 

interface between the film and the silicon substrate, hence the electrical performance. 
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One effective method to control the interface, and thus improve device performance, is to 

functionalize the semiconductor surface using wet chemistry. Here, we address the concerns of 

aqueous thin film deposition and present a method for alleviating the issues associated with 

current silicon-silicon oxide devices. We use wet chemical functionalization to graft self-

assembled monolayers (SAMs) onto oxide-free silicon, then spin-coat an aqueous thin film on 

top of the SAM layer. The chemical stability of the SAM and the changes that occur at the 

interfaces between the Si/SAM/film stack during film deposition and dehydration are monitored 

by in situ Fourier transform infrared spectroscopy (FTIR) and ex situ X-ray photoelectron 

spectroscopy (XPS). The modification of the Si/SAM interface is studied as a function of 

annealing temperature, with electrical measurements used as a metric to quantify the 

effectiveness of the SAM layer to alleviate issues of interfacial defects observed for films on 

silicon oxide. 

The results are presented in three parts: (1) a dehydration study of aqueous-derived thin films 

deposited on silicon oxide, (2) the synthesis of a novel SAM interfacial layer tailored to 

accommodate aqueous, Al-based precursors and (3) a study to quantify the effectiveness, if any, 

on the SAM interfacial layer through electrical characterization methods. 

In the first part, we investigate the mechanism for dehydration of aqueous thin films and present 

a method to enhance the removal of water from the films. Using in situ FTIR, we find that the 

addition of a protective capping layer can enhance the dehydration of the thin film and prevent 

water reabsorption for a period of up to 14 days. In the second part, we present hydrosilylation 

methods to graft SAMs onto oxide-free silicon surfaces. The results show that it is possible to 

covalently attach the SAMs to silicon, evidenced by the formation of Si-C (detected by XPS) at 
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the interface between the Si and the SAM. Four phosphonic acid-terminated SAMs are prepared 

and contact angle measurements are used as a metric for evaluating which can best accommodate 

aqueous spin-coater solutions. To conclude, we investigate the interface between the SAM layer 

and an aluminum-based thin film derived from aqueous precursor solutions. Current-voltage and 

capacitance-voltage measurements are used to quantify the effectiveness of the SAM layer. 
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CHAPTER 1 

INTRODUCTION 

1.1 Metal Oxide Thin Film Deposition 

Metal oxide thin films are an important field of study for the microelectronics industry. 

They have been used in thin-film transistor,1-2 supercapacitor,3 light emitting diode4 and 

photovoltaic5 applications. Industry commonly employs vapor-phase deposition techniques to 

produce such thin films. Some examples of vapor phase deposition methods include physical 

vapor deposition (PVD), chemical vapor deposition (CVD), and atomic layer deposition (ALD). 

PVD processes involve the vaporization of a liquid or solid source, followed by condensation of 

the resulting vapor phase atoms or molecules onto the substrate.6 In a CVD process, the substrate 

is exposed to one or more volatile precursors which react with or decompose on the surface of 

the substrate to form the desired film. ALD is a similar vapor phase technique, except the process 

is based on sequential, self-limiting reactions called half-reactions. During each half-reaction, the 

precursor is introduced into the chamber and allowed to react with the surface, and then excess 

precursor (>monolayer) is purged from the system before the next is introduced.7 The films 

deposited by vapor phase techniques are well studied and understood; however, these techniques 

suffer from slow deposition rates and expensive costs associated with elaborate vacuum-based 

equipment.8 Additionally, the volatile precursors used for vapor deposition processes expose 

scientists to health risks associated with harmful vapors. 

Solution-phase deposition methods, such as sol-gel and spin coating, have been explored 

as alternative methods for producing thin films for electronic applications without the challenges 
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of vapor phase deposition.9-13 Precursors for sol-gel deposition consist of a metal or metalloid 

atom surrounded by various non-metallic ligands in the form of a suspension of solid particles in 

a liquid (sol).14 The film is deposited by dip coating or spin coating the gel onto the substrate, 

followed by an annealing step to remove residual organics. Although sol-gel has emerged as a 

dominant solution phase deposition technique, the high temperatures required to remove residual 

carbon (>350 °C)15 and surface M-OH groups (> 800 °C),16 if necessary, pose a challenge for this 

technique. Consequently, the gel is very different from the resulting oxide due to an abundance 

of organic and hydroxyl groups present in the solid phase.17  

 Solution phase routes utilizing aqueous precursors present an environmentally friendly 

process. By replacing common solvents with water, harmful (solvent) wastes are eliminated. 

Spin coating of aqueous solutions is one solution phase route that has proven to be a feasible 

alternative to vapor phase deposition, producing uniform films.2, 18-19 This process is 

advantageous because the equipment necessary to deposit a film is simple, consisting of a spin 

coater, a rough vacuum pump, and the aqueous precursor solution. It has also been shown that 

the precursor stoichiometry directly translates to that of the deposited film,20 so the properties of 

the thin film are easily tuned by modifying the composition and/or stoichiometry of the 

precursor. 

 While solution phase deposition is indeed an attractive alternative to vapor phase 

deposition, there are challenges to be addressed if the potential for dense, defect-free metal oxide 

films is to be realized. For example, water present in the films can be detrimental to the 

semiconductor interface and the resulting electronic properties of the system. The post-

deposition anneal required to remove water and densify the film can be as high as 600 °C.19, 21 
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This work presents methods for decreasing the thermal budget while maintaining the desirable 

properties of the metal oxide films. 

1.2 Motivation: Silicon-Silicon Oxide Interface 

The silicon/silicon oxide interface has exceptional properties, such as its low density of 

surface states and low concentration of trapped states (defects) in the bulk, which are responsible 

for the extensive development of silicon-based microelectronic technology.22 However, this 

interface is susceptible to electronic degradation when water is present and diffuses into the 

oxide layer. To quantify the effects, a study was performed where controlled amounts of water 

were diffused into thermal silicon oxide.23-24 The results show that low-temperature diffusion of 

water into dry thermal oxide films leads to the formation of trapped states. It was observed that 

the density of electron capturing centers was proportional to the water content of the films.24 As 

a result, processing electronic materials with water, either in aqueous solutions or humid 

environments, bestows a great challenge for residual water removal and passivation—as 

associated mobile water and hydroxyl protons commonly degrade electronic and device 

performance. 

Despite its broad presence in microelectronic devices, it has been demonstrated that the 

silicon oxide interface is not ideal for all semiconductor applications;25-26 therefore, other 

interfaces must be explored. One method for removing the native oxide on silicon substrates is to 

chemically etch it away in hydrofluoric acid (HF). This etching process was originally thought to 

produce a F-terminated silicon substrate27 due to the detection of fluorine in XPS. However, later 

studies made it clear that hydrogen is the dominant termination species for HF etched silicon 
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surfaces, which was demonstrated using FTIR.28 The mechanism for HF etching is shown in 

Figure 1.1. 

 

Figure 1.1. Mechanism for HF passivation. The mechanism shows that Si-H forms on the silicon 

surface upon exposure to hydrofluoric acid. Although the strength of the Si-H bond (~3.5 eV) is 

less than that of the Si-F bond (~5 eV), the latter bond is highly polarized, which weakens the 

underlying Si-Si bond and causes removal in the form of Si-F. Reprinted with permission from 

Elsevier and John Wiley and Sons.28-29 

 

Initial HF etching processes produced well-ordered, atomically rough surfaces, consisting 

of monohydride, dihydride, and (less frequently) trihydride species.30 The preparation of well-

ordered, atomically flat H-terminated Si (111) substrates was realized by etching with 

ammonium fluoride (NH4F) instead of HF.31 An ideal monohydride termination forms 

perpendicular to the silicon surface and is identified by a single FTIR peak at 2083.7 cm-1 with a 

narrow full width at half maximum (FWHM <1 cm-1), as shown in Figure 1.2.32 The atomically 

flat H-terminated silicon surface is remarkably stable against oxidation in inert atmospheres at 

room temperature and provides an ideal starting surface for producing an interfacial layer 

through wet chemical functionalization, which allows us to create a self-assembled monolayer 

(SAM), which can be used for many application. In the past few decades, SAMs have been used 
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for many applications,33-34 but have not yet been reported as an interfacial layer between silicon 

and aqueous deposited thin films. 

Figure 1.2. High resolution internal reflection spectrum of Si(111) treated with buffered HF 

(modified pH=9-10). Reprinted from Higashi, G. S.; Chabal, Y. J.; Trucks, G. W.; Raghavachari, 

K., Ideal hydrogen termination of the Si (111) surface. Appl. Phys. Lett. 1990, 56 (7), 656-658, 

with the permission of AIP Publishing.32 

 

1.3 Self-Assembled Monolayers 

A SAM is a monomolecular film typically deposited on a flat metal or semiconductor 

surface. As shown in Figure 1.3, the SAM molecule consists of three main parts: 1) the 

headgroup that binds to the substrate, 2) the backbone, which is typically an alkyl chain or 

aromatic group and 3) the endgroup which can be tailored to provide functionality to the system 

and is thus also referred to as the functional group of the molecule. This self-assembled class of 

organic layers is driven by the strong interaction, or chemisorption, of the headgroup, which has 

an affinity for the substrate.35 Other types of organic layers include Langmuir, Langmuir-

Blodgett, Langmuir-Schaefer, Organic Molecular Beam Deposited, and Organic Molecular 

Beam Epitaxy films.35-38 The boundaries between techniques to prepare these organic layers is 

not rigid; however, it should be noted that the chemisorption between the substrate and the 
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molecule separates SAMs from the other techniques in which physisorbed, thermally unstable 

mono/multilayers are obtained.33 

 

Figure 1.3. Schematic of a SAM. The open circles represent the endgroup, also referred to as the 

functional group throughout this dissertation. The shaded circles indicate the headgroup, which 

chemisorbs to the substrate. Reprinted with permission from Elsevier.35 

 

 One of the major advantages to using SAMs to modify surfaces is that the end group can 

be tailored for further processing, which makes this type of functionalization appropriate for 

many applications. Additionally, monolayers can be prepared in the laboratory by immersing a 

clean substrate in a neat or solvated solution of the molecule to be attached for a specified 

amount of time, and then rinsing and drying the substrate after removing it from the solution. 

The surface of the substrate—cleanliness and roughness—plays a significant role in the 

formation and packing of the final monolayer. Gas-phase SAM deposition has also been 

explored, but the low vapor pressure of the SAM molecules used in this dissertation proved 

difficult to overcome and therefore, the technique will not be discussed in detail in this 

dissertation. 
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1.4 Hydrosilylation 

Hydrosilylation is a mechanism for grafting SAMs onto oxide-free silicon surfaces.  

Specifically, hydrosilylation chemistry refers to the formation of a covalent Si-C bond via the 

insertion of an unsaturated bond, such as an alkyne or alkene, into Si-H surfaces to yield an 

alkenyl or alkyl termination.39 Figure 1.4 shows the general schematic for this type of reaction. 

Since the inception of this wet chemical approach, several methods have been explored to utilize 

hydrosilylation chemistry to form Si-C bonds. Today, hydrosilylation can be achieved through 

several methods. This dissertation will use thermally and photochemically (UV) induced 

processes. 

Figure 1.4. Schematic of the hydrosilylation chemical reaction of an Si-H surface with alkene 

and alkyne terminated molecules. Reprinted with permission from Buriak, J. M., Organometallic 

Chemistry on Silicon and Germanium Surfaces. Chem. Rev. 2002, 102 (5), 1271-1308. 

Copyright 2002 American Chemical Society.39 

 

The thermal hydrosilylation method was introduced by Linford et al.40 in 1993 when they 

hypothesized that alkyl monolayers could be created through the reaction of a radical with H-

terminated silicon. They demonstrated a thermal process where H-terminated silicon surface is 
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immersed in a neat solution of the alkene/alkyne molecule and reacted at temperatures above 150 

°C in the absence of oxygen. The initial procedure required neat alkene/alkyne, so substantial 

amounts of alkene/alkyne were required even though only a very small fraction of this was 

consumed during the reaction. Sudholter et al.41 later explored an improved method for preparing 

these organic monolayers in solutions of organic solvent to reduce alkene waste. 

Thermal hydrosilylation is useful in a variety of applications because the end group can 

be specifically tailored for further processing. Alkyl monolayers covalently attached to silicon 

surfaces have proven to be useful in biological and electronic applications.42-45 The method is 

attractive because it relatively simple; elevated temperatures facilitate the start of the 

hydrosilylation reaction and the molecule self-assembles onto the surface of the substrate. 

However, the reaction suffers from challenges with interfacial oxidation, leading to the formation 

of a mixture of Si-C and Si-O-C bonds. As early as Linford and Chidsey’s first reports,46 it was 

observed that 70% of the chains bound to silicon were alkyl bonds (Si-CH2-) while the remaining 

30% was attributed to acyloxy bonds (Si-O-C(O)-CH2-). Despite the challenges with this 

method, thermal hydrosilylation remains an attractive technique for grafting well-defined, 

thermally stable monolayers onto oxide-free silicon. In this dissertation, thermal initiation is 

attractive because thermal stability is necessary to preserve the integrity of the monolayers 

during densification of thin films deposited on top of the SAM layers. 

Ultraviolet irradiation has also been studied as a mechanism to initiate radical formation 

for hydrosilylation reactions. The reaction proceeds because the energy of the UV light (λ < 300 

nm ~ 3.54 eV) used to irradiate the sample is greater than the strength of the Si-H bond (~3.5 

eV). The radical created from the irradiation is then able to react with the alkene/alkyne molecule 
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and form a Si-C bond. This method is attractive because, in most cases, the reaction proceeds 

faster than a similar reaction under thermal conditions. Additionally, the reaction occurs at room 

temperature, so it boasts a small thermal budget and could be easily integrated into 

manufacturing processes. In this work, UV hydrosilylation will be presented as an alternative 

solution to issues with residual oxygen that lead to reverse-binding in thermal hydrosilylation 

techniques. 

1.5 Dissertation Organization 

• Chapter 1 provides the motivation for the work. An overview of solution deposition is 

presented with a focus on aqueous thin film deposition via spin coating. Issues with high 

processing temperatures are discussed. Additionally, an alternative to the silicon oxide 

interface is presented in the form of self-assembled monolayers on oxide-free silicon. A 

brief history of self-assembled monolayers is described. Chapter 1 also provides an 

outline for the dissertation. 

• Chapter 2 details the experimental techniques used in this work. An overview of the spin 

coating thin film deposition technique is presented. Subsequently, a slew of 

characterization methods (Fourier transform infrared spectroscopy, X-ray photoelectron 

spectroscopy, contact angle, ellipsometry and attenuated total reflectance) are briefly 

discussed. The electrical characterization of the Si/SAM/film system via capacitance-

voltage (C-V) and current-voltage (I-V) curve measurements is also described. 

• Chapter 3 presents two aqueous-derived thin film systems: lanthanum zirconium oxide 

(LZO) and aluminum oxide phosphate (AlPO). The dehydration mechanism for the thin 
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films is probed by in situ FTIR and ex situ XPS analyses. Potential solutions are 

presented to combat issues that plague the use of water-based films for electronic 

applications. 

• Chapter 4 explores the idea of using a new self-assembled monolayer system to 

overcome issues with having silicon oxide at the interface of semiconductor films. The 

viability of the SAM as a surface for aqueous deposition is probed using contact angle 

measurements. 

• Chapter 5 provides a quantitative measure of the effectiveness of the SAM interfacial 

layer discussed in Chapter 4. Electrical measurements are used to probe the efficiency of 

a 2- and 11-carbon alkylphosphonic acid SAMs for improving electrical properties of 

aluminum-based thin film systems. 

• Chapter 6 summarizes the work presented in this dissertation and gives ideas for future 

studies of aqueous-derived thin films on SAMs. 
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CHAPTER 2 

EXPERIMENAL METHODS 

2.1 Spin Coating 

Spin coating is a process used to deposit uniform thin, uniform coatings films onto a 

substrate. Figure 2.1 shows the four steps involved in the spin coating process: deposition, spin 

up, spin off, and evaporation. During the first step, some quantity of the precursor solution is 

dispensed onto the substrate. The solution consists of the desired material to be coated dissolved 

in an appropriate solvent. The quantity of dispensed solution is dependent on how much solution 

is required to entirely cover the substrate. In the spin up stage the speed accelerates to the desired 

rotation speed. The third stage occurs when the substrate is spinning at constant speed, allowing 

the film to reach uniform thickness. In this stage, viscous flow controls film thinning. During 

stage four, solvent evaporation controls the thinning of the coating. For some films, such as those 

deposited from aqueous solutions, a fifth step involves heat treatment to remove excess solvent 

trapped in the films and to achieve desired film density. For in situ FTIR studies, the fifth step is 

not performed because it reduces the amount of information we can obtain about the sample for 

temperatures lower than the softbake temperature. However, this is a necessary step for films that 

undergo further processing, such as those used for electrical characterization.  
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Figure 2.1. This figure shows the four steps of the spin coating process: dispensing the precursor 

solution, spin-off of excess solution, spinning, and evaporation.47 

 

A Chemat Tehcnology Inc KW-4A spin coater was used to deposit the films used in this 

work. In the spin coating process, the precursor solution is dispensed on the surface of the 

substrate via static dispense, where the substrate is not spinning. The substrate undergoes a high-

speed spin step once it is uniformly coated with the precursor solution. During the 30 second 

spinning step at 3000 RPM, most of the solvent is flung off the surface of the substrate. The flow 

of the liquid is controlled by a balance between centrifugal driving force and viscous resisting 

force.48 In some cases, a “soft-bake” step follows the spinning to dry the film and “set’ it to avoid 

evaporation or film shrinkage. Uniform films have been deposited using the spin coating method 

on substrates up to 20 cm in diameter,49 resulting in highly scalable processes using this method. 

Solution processing is advantageous because the film composition is easily tuned by controlling 

the composition of the precursor.20 Additionally, film thickness h is also tunable and is governed 

by the fluid viscosity µ, the fluid density ρ, the angular velocity ω of the turntable, and the total 

time t that the sample is rotated according to equation 2.1:50 

ℎ~ (
𝜇

𝑡𝜔2
)

0.5

        (2.1) 
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2.2 Annealing Chamber 

 Dehydration studies are performed in a home-built annealing chamber equipped with in 

situ FTIR capabilities. Samples are heated via a power feedthrough and a K-type thermocouple is 

spot-welded to a tantalum clip attached to the long edge of the sample to monitor the temperature 

of the substrate. Resistive heating is achieved using a Hewlett Packard DC power supply 

controlled by a Eurotherm controller. During annealing, two manual gate valves isolate the KBr 

windows used in the analysis chamber during IR measurements. The chamber is connected to 

two gas lines equipped with mass-flow controllers to allow control of the annealing environment. 

One of the gas lines is connected to high purity nitrogen and the other can be selected as 

necessary. Annealing studies can also be performed in a vacuum only (gas-free) environment. A 

schematic for the annealing chamber is shown in Figure 2.2. 

 

Figure 2.2. A schematic drawing of the home-built annealing chamber equipped with two gas 

lines and in situ FTIR capabilities.  
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2.3 Fourier Transform Infrared Spectroscopy (FTIR) 

Infrared Spectroscopy (IR) is a vibrational spectroscopy technique that uses the 

interaction between infrared light and the matter being studied. The key component in the FTIR 

system is the Michelson Interferometer, shown in Figure 2.3, which is composed of one beam 

splitter, a fixed mirror, and a moving mirror.51 The infrared radiation from the source enters the 

interferometer and the beam splitter transmits half the infrared beam from the source and reflects 

the other half. The split beams strike the fixed mirror, then the moving mirror. The two beams 

reflect from the mirror, and then recombine at the beam splitter to irradiate the sample before 

hitting the detector. A fast Fourier transform algorithm quickly converts the interferogram into a 

single beam infrared spectrum, which is a plot of light intensity versus wavenumber. 

 

Figure 2.3. A schematic of a Michelson Interferometer. Reprinted with permission from John 

Wiley and Sons.51 

 

The advantages of the FTIR methods are explained in terms of the Jaquinot, Fellgett, and 

Connes advantages.52 The Jaquinot, or multiplex advantage, is produced by the fact that all 

channels are sampled at once. The Fellget advantage refers to higher signal levels in FTIR 
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instruments, as compared to a dispersive instrument. FTIR has an inherently higher signal to 

noise ratio because all the light from the source falls onto the detector at any instant. The Connes 

advantage represents enhanced photometric accuracy from built-in electronic calibration 

produced by the interaction of a HeNe alignment laser with the beam splitter. 

 For this dissertation, FTIR spectra are collected to characterize the samples at each step 

in the silicon cleaning, SAM grafting, and film deposition procedures. The longitudinal optical 

(LO) and transverse optical (TO) phonon modes of silicon will be monitored as a way of 

monitoring any oxidation of the silicon surface during processing. Ex situ spectra for silicon 

cleaning and SAM formation were collected at room temperature using Thermo Nicolet 6700 

FTIR spectrometer with a deuterated triglycine sulfate (DTGS) detector located in a nitrogen-

purged glove box. In situ FTIR will be performed to examine the thermal stability of the SAM 

layers as well as the dehydration of films deposited onto SAMs compared to those deposited on 

an oxide surface. The in situ FTIR is set up in a nitrogen-purged home-built annealing chamber 

(described in section 2.2) with a Thermo Nicolet 6700 infrared spectrometer equipped with a 

liquid nitrogen cooled broadband mercury cadmium telluride (MCT-B) detector. All spectra 

collected for annealing studies will be obtained at a sample temperature of 45 °C. 

 In this work, OMNIC™ software, version 9.1.27 (Thermo Fisher Scientific Inc.) is used 

for FTIR data processing, a step which converts transmittance T to absorbance A via equation 

2.2: 

𝐴 = −𝑙𝑜𝑔10𝑇        (2.2) 

 where transmittance is defined as in equation 2.3: 

𝑇 =
𝐼𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝐼𝑜
        (2.3) 
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This is the ratio of the intensity of light transmitted through the sample Imeasured to the intensity of 

the beam without a sample Io. Single beam spectra are referenced to one another via equation 2.4 

to produce the differential spectrum used for analysis. 

∆𝐴 = log10T𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑,1 − log10 𝑇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑,2 = log10

𝐼𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑,1

𝐼𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑,2
        (2.4) 

 For a sample Imeasured,2 referenced to a substrate or the same sample in a preceding 

treatment Imeasured,1, this allows us to analyze only those vibrations of interest related to the 

sample. During the annealing studies presented later in this dissertation, this allows us to see the 

chemical changes that have occurred in the sample at each temperature. When plotted in this 

way, positive peaks are associated with bond formation and negative peaks indicate bond loss. In 

addition to qualitative information, FTIR also allows us to quantify the amount of chemical 

change that has occurred by integrating the absorption area of one spectrum related to another. 

For example, after surface functionalization, it is possible to determine SAM surface coverage by 

taking a ratio of the area of the initial Si-H peak to the Si-H peak remaining after 

functionalization. The spectrometers used in this work have a spectral resolution of 

approximately 4 cm-1. Infrared spectra were collected between 400 cm-1 and 4000 cm-1 in 

transmission geometry, which involves the passage of the IR beam through the sample. All 

samples were placed at an angle of 74° (Brewster’s angle) during data collection to maximize the 

transmission of light through the silicon substrate, and therefore, increase the signal to noise ratio 

of the spectra. 
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2.4 Attenuated Total Reflection 

ATR is a commonly used FTIR technique that enables reliable, reproducible analysis of 

solid and liquid samples with little to no sample preparation. An ATR accessory attached to an 

FTIR spectrometer uses a high refractive index crystal n2 (n2 must be greater than that of the 

sample n1) for multiple sampling applications. During sample measurement, a totally internally 

reflected infrared beam directed at the crystal comes into contact with the sample, which sits at 

the surface of the crystal. An evanescent wave is formed at the crystal/sample interface and 

allowed to interact with a small portion of the sample, dependent on the penetration depth dp. 

This depth of interaction is determined by several factors as shown in equation 2.5, including the 

refractive index of the crystal n2, the wavelength of the light λ, and the angle at which the 

infrared light hits the sample θ.53  

𝑑𝑝 =
𝜆

2𝜋𝑛1(sin2 𝜃−(
𝑛2
𝑛1

)
2

)
0.5        (2.5) 

The evanescent wave is altered in infrared regions where the sample absorbs energy; the 

resulting attenuated energy passes back to the infrared beam and to the detector. This 

information produces an infrared spectrum. 

ATR of inorganic liquids will be performed to identify chemical changes that occur in 

aqueous precursors as a function of temperature. This ex situ technique allows us to monitor the 

solution to gel transition that occurs during spin coating and as such, is otherwise difficult to 

observe. A Nicolet iS50 ATR accessory fitted with a diamond crystal will be used for data 

collection. The index of refraction for the diamond crystal is 2.4, which corresponds to a 

penetration depth of ~2 microns. A small drop (~5 μL) of solution is used to obtain ATR data for 
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the aqueous precursors used in this study. Three loops of 32 scans each are recorded at room 

temperature in air and averaged to produce the final spectrum. 

 For analysis, single beam spectra are referenced to one another via equation 2.6. 

−log10(R) = −log10

𝐼𝑟

𝐼𝑜
        (2.6) 

The reflectance R, is a ratio of the intensity of the reflected beam Ir to the intensity of the 

incident beam Io. For liquid or powder samples referenced to the bare crystal (with no sample), 

this allows us to analyze only those vibrations related to the sample. Where necessary (ie: for 

solutions that have not been heated to remove water), water subtraction is performed. 

2.5 X-ray Photoelectron Spectroscopy (XPS) 

XPS is an elemental analysis technique that uses the binding energies EB of characteristic 

electrons emitted from a solid to identify chemical elements. Photoelectrons are ejected from 

their electronic shells and subshells with a known energy and since the kinetic energy EK of the 

ejected electrons and the work function 𝜙 of the spectrometer are known, the binding energy of 

the photoelectron can be calculated according to equation 2.7:51        

𝐸𝐵 = ℎ𝑣 −  𝐸𝐾 −  𝜙        (2.7) 

A simple diagram of an XPS analyzer is shown in Figure 2.4. An X-ray gun is used to 

generate photons by high energy electrons striking an aluminum anode, which produces a 

characteristic X-ray line that excites atoms at the surface. XPS is especially helpful since peak 

positions shift according to their chemical status. Therefore, it is possible to distinguish species 

such as adventitious carbon from carbonyl carbons based on this chemical shift phenomenon. 

XPS depth profiling will be useful to compare elemental ratio of the solutions to their 
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corresponding films. Using the MultiPak data reduction software, version 9.4.0.7, from Physical 

Electronics, Inc. (PHI), we can isolate elements of interest and calculate the ratio of these 

elements throughout the depth of the film. 

Figure 2.4. A schematic diagram showing the basics of an XPS apparatus. Adapted from 

reference 54.54 

 

XPS is useful for determining the elemental composition of the films and probing the 

silicon/SAM and SAM/film interfaces. Ex situ XPS measurements will be performed using a PHI 

5600 spectrometer equipped with an Al Kα monochromatic X-ray source and a hemispherical 

analyzer maintained under high vacuum conditions (~10-10 Torr). The data collected will be used 

to determine film composition and thickness using MultiPak, version 9.4.0.7, and CasaXPS, 

version 2.3.17PR1.1, from Casa Software Ltd. Where necessary, peak fitting may also be 

performed using these software programs. Where charging occurred (for insulating samples), 

spectra were charge referenced to the adventitious carbon C-C peak at 284.8 eV in the C1s 

region. 
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Spectra are recorded with a 45° takeoff angle with respect to the surface. An energy step 

of 0.1 eV was utilized with a reduced pass angle to increase the resolution for SAM surface 

characterization. Charge compensation was used for the analysis of bulk films. 

2.6 Contact Angle (CA) 

Contact angle measurements are a common method for quantifying the wettability of a 

surface, defined as the tendency of a liquid to spread out on a solid surface. The degree of 

wettability (wetting) is determined by the free energy at the three interfaces surrounding the drop 

of liquid on the sample, explained by Young’s Equation: 

𝛾𝑆𝑉 − 𝛾𝑆𝐿 = 𝛾𝐿𝑉 cos 𝜃        (2.8) 

where 𝛾𝑆𝑉 is the solid-vapor interfacial free energy, 𝛾𝑆𝐿 is the solid-liquid interfacial free energy, 

𝛾𝐿𝑉 is the liquid-vapor interfacial free energy, and θ is the contact angle of the liquid. Figure 2.5 

shows these parameters labeled on a schematic drawing of a sessile drop.  

 

Figure 2.5. A schematic showing the contact angle of a sessile drop. Reprinted with permission 

from Zisman, W. A., Relation of the Equilibrium Contact Angle to Liquid and Solid 

Constitution. In Contact Angle, Wettability, and Adhesion, AMERICAN CHEMICAL 

SOCIETY: 1964; Vol. 43, pp 1-51. Copyright 1964 American Chemical Society.55 
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 Contact angle measurements will be useful in this study to measure the hydrophilicity of 

the monolayers and, thus, their ability to accommodate thin films derived from aqueous 

solutions. Where necessary, the properties of the monolayers can be tuned to improve surface 

wettability to accommodate water-based precursor solutions. Upper angle limits can be 

determined by monitoring the contact angles of the semiconductor surfaces used in the study. 

Static water contact angle measurements were performed on a Rame-hart instrument, Co (model 

200-F) goniometer. Drop analysis was performed at room temperature in air using a water drop 

size of 3 µL. 

2.7 Spectroscopic Ellipsometry (SE) 

Ellipsometry is an indirect method for determining the thickness of one or more layers of 

a sample. It is a non-destructive optical technique that provides optical information about a 

sample based on the way light reflects off the sample surface. The principle of the technique lies 

in the observation that light undergoes a change in polarization when it is reflected off a 

surface—linearly polarized light at an oblique incidence to a surface becomes elliptically 

polarized.56 The change in the form of the ellipse measured by the detector is related to the 

changes in the amplitude Ψ and phase Δ of polarized light. The fundamental ellipsometry 

equation is given by equation 2.9: 

𝜌 = tan 𝜓 𝑒𝑖∆        (2.9) 

Where ρ is the ratio of the phase angles of p- to s-polarized light. The values determined by the 

instrument for Ψ and Δ are always correct, within reasonable error. However, modeling is 

required to obtain information such as sample thickness, refractive index and surface roughness. 
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When properly fit to a model, these parameters can provide a reasonable estimate of the 

thickness and optical properties of the reflecting layer. 

This technique will be useful in this work because it does not require any special sample 

preparation and the thickness of each layer of multi-layer samples, such as a film deposited on a 

SAM grafted to silicon, can be measured accurately. The thickness of the spin coated films can 

be measured effectively and some insight into the uniformity of the layer can be gained by 

measuring various spots on the surface of the sample.57 SE data reported in the following studies 

is an average of three spots on the sample surface, unless stated otherwise. The SE data presented 

in this dissertation is collected on a Horiba Scientific UVISEL spectroscopic ellipsometer using a 

helium-neon laser and an incident angle of 70°. This instrument has a wavelength range of 190-

2100 nm and a spot size range of 0.1-1.2 mm. The tool allows the analysis of films with 

thickness varying from 1 Ȧ to 30 μm. 

2.8 Electrical Measurements 

Current-voltage (I-V) curves show the relationship between the current flowing through 

an electronic device and the voltage being applied across the device’s terminals. These 

measurements provide information about the leakage current density and dielectric breakdown 

for the films on various semiconductor surfaces. Capacitance-voltage (C-V) measurements of 

metal-insulator-semiconductor (MIS) devices give information about changes in the space-

charge region as a function of a time-varied voltage applied to the metal gate.58 The charges in 

this region mimic those present at the semiconductor-insulator interface, inside the insulator, and 

in the gate contact. This gives information about the origin of the charge centers responsible each 
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of these contributions. Relative dielectric constants will be determined from C-V measurements 

via equation 2.10, which provides the relationship between capacitance C and dielectric constant 

k using the permittivity of space constant Ɛ𝑜 (8.85 x 10-12 s4A2/m3kg), film thickness d, and the 

electrode area A: 

𝐶 =
𝑘𝜀𝑜𝐴

𝑑
        (2.10) 

Electrical tests were performed to characterize the Si/SAM and SAM/film interfaces. 

This provides an additional measure of the effectiveness of replacing the silicon oxide layer with 

a self-assembled monolayer. It also gives some insight into which SAM/film system, if either, is 

most effectively improved by this replacement. 

MIS devices were fabricated with Al metal top contacts thermally evaporated onto 

Si/SiO2/film or Si/SAM/film stacks, as shown in Figure 2.6. Current-voltage measurements were 

performed using a Keithley 4200A Semiconductor Characterization System, with bias applied to 

the top Al electrode and the silicon connected to ground. Electrical breakdown is defined as the 

field at which the positive current reaches 10 mA. C-V measurements will be performed with an 

Agilent 4980 LCR meter on a Cascade Probe Station. 

Figure 2.6. Schematic of the MIS device structure that will be used for electrical 

characterization. 
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CHAPTER 3 

IN-SITU FOURIER TRANSFORM INFRARED SPECTROSCOPY STUDY OF 

AQUEOUS-DERIVED THIN FILMS1 

 

3.1 Introduction 

Metal oxide thin films are useful components in electronic display,1 photovoltaics,59 and 

fuel cell technologies.60 For electronic applications, vacuum-based deposition techniques 

commonly used to deposit thin films include atomic layer deposition,61 sputtering,62 chemical 

vapor deposition62 and physical vapor deposition.63 These films could potentially meet all of the 

needs for large-area, low-cost electronics, but current vacuum-based deposition techniques are 

limited by their elaborate equipment, harsh chemical and extensive time requirements.64 As a 

result of these requirements, vacuum deposition techniques are typically expensive,4 creating 

high manufacturing costs for thin films grown in industry and higher consumer costs than would 

exist for less expensive deposition techniques. 

                                                 

1 This chapter contains content that has been previously published in the following peer-

reviewed journal article: Keenan N. Woods, Milana C. Thomas, Gavin Mitchson, Jeffrey Ditto; 

Can Xu, Donna Kayal, Kathleen C. Frisella, Torgny Gustafsson, Eric Garfunkel, Yves J. Chabal, 

David C. Johnson, Catherine J. Page, “Non-uniform Composition Profiles in Amorphous Multi-

Metal Oxide Thin Films Deposited from Aqueous Solution”, ACS Appl. Mater. Inter., 9 (2017) 

37476-37483. This chapter also contains content that is in preparation for submission to 

Chemistry of Materials as: Cory K. Perkins, Deok-Hie Park, Milana C. Thomas, Charith E. 

Nanayakkara, Ryan H. Mansergh, Melanie A. Jenkins, John F. Conley Jr., Yves J. Chabal, and 

Douglas A. Keszler, “Enhancing Dehydration of Solution-processed Dielectrics at Low-

temperatures with Aqueous Deposited Films”. 
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Metal oxide thin films deposited from aqueous solution are a viable alternative to 

vacuum-based deposition techniques. Recent studies have developed many solution-deposited 

thin film systems and their versatility in terms of film thickness, concentration and composition. 

64-65  Solution deposition, such as spin coating, is an inexpensive method that utilizes simple 

equipment and low energy processing to produce uniform films with controlled composition.20 

Spin coating is also advantageous because it is versatile and scalable. Additionally, the use of 

water as a solvent makes this deposition technique attractive for environmentally friendly 

deposition processes.  

However, electronic materials processed with water, such as aqueous precursor solutions, 

suffer from degradation of electronic and device performance. Therefore, it is important to 

minimize the water content of the thin films without increasing the thermal budget of the 

deposition process. One method for enhancing the dehydration of aqueous-deposited metal oxide 

films involves the deposition of an additional thin film layer before annealing. The previously 

studied hafnium oxide (HfO2) capping layer was shown to prevent water resorption by acting as 

a passivation layer, but did not effectively enhance the dehydration of the aluminum oxide 

phosphate (AlPO) thin film system.66 Here niobium oxide phosphate, Nb4O7(PO4)2, (NbPOx) is 

studied as an alternative ion-conducting capping layer. 

Previously, it was assumed that solution-processed thin films were homogeneous,67 but 

homogeneity is difficult to establish and remains an open question for the lanthanum zirconium 

oxide (LZO) system. Such inhomogeneities in multi-metal oxide films may be the result of 

differences in solubility, diffusion rates and the ability to form networks. Here, we report a 

spectroscopic study of LZO films as a model system for thin films deposited from aqueous 
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precursors. The findings in this study are important for solution-deposited systems but layers of 

varying density, if present in this multi-metal system, would pose issues for a simple dehydration 

study. Therefore, the AlPO thin film system, known for being homogeneous, was used instead to 

study dehydration enhancement. 

In this study, a technique to enhance dehydration is illustrated using AlPO, a thin film 

dielectric material. Traditional solution-processed AlPO thin films exhibit thermally-induced 

densification, which results in the formation of a “crust” on the surface of the film that prevents 

dehydration. As a result, temperatures of at least 600 °C are required to fully dehydrate the film 

to elucidate its optimal electrical properties. The deposition of a solution-processed hafnium 

oxide layer on top of the AlPO film shows enhancement of the water-removal process and results 

in a dehydration temperature that is reduced by 250 °C.21 In this study, in situ FTIR is used to 

monitor the dehydration of AlPO films capped with a NbPOx layer. 

3.2 Experimental 

Substrate Preparation 

Double-side-polished, lightly doped (ρ ~ 20-60 Ω) float zone Si (111) substrates were cut 

into 3.8 x 1.5 cm2 to conform to the sample holder in the annealing chamber. The silicon was 

thermally regrown to have an oxide thickness of 3 nm. Immediately before use, substrates were 

cleaned with piranha (H2SO4/H2O2, 3/1 by volume) for thirty minutes in an 80 °C water bath and 

treated with oxygen plasma for two minutes on each side to increase surface wettability. A 

reference IR spectrum was collected for the bare silicon substrate.  
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Precursor Solutions Preparation and Thin Film Deposition 

LZO precursor solutions were synthesized at the University of Oregon. Solutions were 

prepared by dissolving La(NO3)3 • 6H2O (Alfa Aesar, 99.9%) and ZrO(NO3)2 • xH2O (Sigma-

Aldrich, 99%) in 18.2 MΩ cm Millipore H2O. Solutions with total La and Zr metal 

concentrations (1:1 ratio) were prepared via stirring and gentle heating, followed by filtration 

through a 0.45 μm polytetrafluoroethylene (PTFE) syringe filter. Precursor solutions are stable 

for at least six months, with no observed precipitation. Thin films were prepared by coating LZO 

solution on Si (111) substrates with 3 nm thermal SiO2 that were cleaned with piranha and 

oxygen plasma. The films were spun cast at 3000 RPM for 30 seconds and taken directly to the 

FTIR chamber for in situ dehydration analysis. During spin coating, the reaction from solution to 

aqueous film proceeds as follows: 

2𝐿𝑎(𝑁𝑂3)3 ∙ 6𝐻2𝑂 + 𝑍𝑟𝑂(𝑁𝑂3)2 ∙ 6𝐻2𝑂 → 𝐿𝑎2𝑍𝑟2𝑂7 + 24𝐻2𝑂 + 5𝑁𝑂2 + 5𝑁𝑂3. 

AlPO precursor solutions were prepared by dissolving Al(OH)3 in two mole equivalents 

of HNO3 and the appropriate amount of H3PO4 to achieve the desired Al3+:PO4
- ratio. Here, the 

final concentration of Al3+ was 1.00 M and the Al3+:PO4
- ratio was 1:0.6. The mixture was stirred 

for 24 hours in an 80 °C water bath until dissolved. The solution was diluted with 18 MΩ 

Millipore water to the final volume to achieve the desired concentration. Thin films were 

prepared by coating 1.00 M AlPO solution on Si (111) substrates with 3 nm thermal SiO2 that 

were cleaned with piranha and oxygen plasma. The solution was filtered before films were spun 

cast at 3000 RPM for 30 seconds. Upon spin coating, the AlPO reaction proceeds as: 

2𝐴𝑙(𝑂𝐻)3 + 4𝐻𝑁𝑂3 + 1.2𝐻3𝑃𝑂4 + 𝐻2𝑂 → 𝐴𝑙2𝑃1.2𝑂6 + 4𝐻𝑁𝑂3 + 5.8𝐻2𝑂. 
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The resulting films were either loaded into the annealing chamber to study the chemical 

evolution of the thin film as a function of temperature or capped with an NbPOx layer. 

The NbPOx capping layer solution was synthesized at Oregon State University. The 

solution was prepared by precipitating Nb2O5•xH2O from a hydrolyzed solution of 

Nb(HC2O4)5•xH2O dissolved in excess H2C2O4 with 5 M NH3. Residual oxalate and ammonium 

salts were removed by rinsing the precipitate in 500 mL of deionized water. Then the resulting 

precipitate was dissolved in H3PO4 and 30% H2O2, yielding a final solution with a Nb5+ 

concentration of 0.38 M and an Nb5+:PO4
3- ratio of 1:2. NbPOx films were deposited directly 

onto AlPO films that had been softbaked at 230 °C for five minutes. AlPO samples were coated 

with NbPOx solution and spun at 3000 RPM for 30 seconds. The NbPOx reaction proceeds as: 

2𝑁𝑏2𝑂5 ∙ 𝐻2𝑂 + 2𝐻3𝑃𝑂4 + 𝐻2𝑂2 → 𝑁𝑏4𝑂7(𝑃𝑂4)2 + 5𝐻2𝑂 + 𝐻2𝑂2. 

The NbPOx-capped films were loaded into the annealing chamber where chemical evolution was 

observed as a function of annealing temperature. Control samples of NbPOx were made by spin 

coating NbPOx solution onto clean, freshly plasma etched Si substrates. The control samples 

were also studied in the in situ annealing chamber. 

Thin Film Characterization 

Annealing studies were performed in an annealing chamber equipped with in situ FTIR 

capabilities. FTIR spectra were collected using a Thermo Nicolet 6700 spectrometer. For each 

system, a reference spectrum was obtained of the clean silicon surface before film deposition. 

Films were annealed incrementally to 450 °C in air for five minutes at each target temperature. 

Each differential spectrum is the result of the spectrum collected at the specified temperature 

referenced to the spectrum taken at the previous annealing temperature. To obtain a 
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representation of the film in its current state at any point, the spectrum of the annealed sample is 

referenced to the spectrum of the clean silicon sample to show overall changes to the film post-

deposition. Looking at the spectra in absorbance, positive peaks indicate a gain and negative 

peaks indicate a loss of bonds in the film. 

X-ray photoelectron spectroscopy was performed using a PHI 5600 spectrometer 

equipped with a hemispherical analyzer and an Al Kα source. The spectrometer chamber is 

maintained at ultra-high vacuum (UHV) (~10-10 Torr). For LZO films data was obtained for the 

La 3d, Zr 3d, O 1s, and C 1s regions at the surface and as a function of sputter depth. Spectral 

analysis of the lanthanum and zirconium core levels using MultiPak software, version 9.4.0.7, 

enabled the comparison of the ratio of La to Zr at various sputter depths in the film to what is 

expected for the 1:1 stoichiometric precursor solution. 

Spectroscopic ellipsometry was used to obtain the approximate thickness of the metal 

oxide thin films. Measurements were performed on a Horiba Scientific UVISEL spectroscopic 

ellipsometer, which has a wavelength range of 190 - 2100 nm and can measure films with a 

thickness of 1 Ȧ – 30 μm. Three spots on each sample were analyzed in air. 

Attenuated total reflectance data was collected on a Thermo Nicolet iS50 ATR fitted with 

a diamond crystal. Liquid samples were annealed to the indicated temperature, then cooled to 

room temperature, where measurements were obtained in ambient atmosphere. 
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3.3 Results 

Lanthanum Zirconium Oxide Films 

 The as-deposited film contains substantial amounts of water, nitrate, and carbonate. The 

differential IR absorption spectra in Figure 3.1 show the chemical evolution of the film as a 

function of annealing from 45 to 450 °C. At 150 °C, positive bands associated with nitrate 

appear at 1033 cm-1, 1215 cm-1, and 1634 cm-1. Negative modes at 743 cm-1, 810 cm-1, and 1500 

cm-1 indicate a loss in the carbonate groups. Most of the nitrate and water are removed during the 

350 °C anneal. Using the spectrum of the film annealed to 450 °C referenced to the initial film at 

45 °C, integrated areas were used to calculate values for the overall loss of the of the nitrate peak 

at 1033 cm-1, the carbonate peaks at 743 cm-1 and 810 cm-1, and the OH stretch from 3000 cm-1 

to 3740 cm-1. By 450 °C, the film has lost 93% water, 86% nitrate, and 95% carbonate.  

 

Figure 3.1. Differential FTIR spectra show the dehydration of the LZO film from 45 to 450 °C. 

The blue curve (film at 45 °C reference to clean Si) shows that the initial film contains carbonate, 

indicated by the peaks at 810 cm-1 and 743 cm-1. Upon annealing to 250 °C, 36% of the nitrates 

are removed, yet the carbonate persists. Further annealing to 350 °C shows the carbonate groups 

begin to be removed from the film. The total water lost after the 450 °C anneal is 93%. 
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XPS was used to probe the chemical composition of the film in the near surface region 

and in the bulk (via Ar sputtering). Peak area analysis of the XP spectra for the lanthanum and 

zirconium core energies shown in Figure 3.2 reveals a ratio of the metals at the surface of the 

thin film that does not correspond to the ratio of the precursor solution, with lanthanum being the 

more prevalent species. This trend continues as a function of depth when the samples were 

sputtered with Ar+ ions at 1 keV for 180 seconds. Additionally, films annealed in air showed 

further enhancement in the amount of lanthanum present at the surface. 

Figure 3.2. XPS spectra for various sputtering times of the (a) La and (b) Zr 3d regions for a single 

layer LZO film deposited from a 1.00 M solution and annealed in air to 450 °C.  

 

It has been shown in the literature that lanthanum readily reacts with carbon dioxide 

present in air to form lanthanum carbonate species.68 To test the theory that the lanthanum in the 

precursor solution could be reacting with the carbon dioxide as the films are being spin coated in 

air, spectra of the carbon and oxygen regions were also obtained in XPS (Figure 3.3). The data 

shows the presence of carbonate at the top surface of the film, corresponding to 60 seconds of 

sputtering with Ar+ ions at 1 keV. This suggests that a low-density surface layer exists at the 

surface of the film, since the density of La2(CO3)3 is less than that of La2Zr2O7 (LZO), and these 
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results are corroborated by XRR data obtained for LZO films (obtained at The University of 

Oregon, not shown here).69 

Figure 3.3. XPS of the carbon and oxygen regions of the LZO film sputtered for 180s with 1 keV 

Ar+ ions. The peak in the carbon region at 289 eV is assigned to carbonate, which agrees with the 

carbonate shoulder present at 532 eV in the oxygen region. The carbonate is completely removed 

after 60 seconds of sputtering. 

 

 The total film thickness was found to be 40 nm by spectroscopic ellipsometry. To 

estimate the thickness of the carbonate layer, further analysis of the carbon and oxygen regions 

as performed as a function of sputter time (Figure 3.4). After 60 seconds of sputtering, the peaks 

associated with carbonate in both the carbon and oxygen regions are completely removed. 

Therefore, the region removed is assumed to correspond to the depth of the lanthanum carbonate 

layer formed on the surface of the film. Using the attenuation of the lanthanum peak, the 

thickness of the carbonate layer was calculated to be 1 nm via the following calculations from an 

adaptation of the Beer-Lambert Equation (𝐼𝑠 = 𝐼𝑜𝑒−𝑑/ 𝜆𝑠𝑖𝑛 𝜃). Rearranging the equation and 

using an XPS takeoff angle θ of 45°, the inelastic mean free path of lanthanum carbonate λ of 

2.984 nm, the overlayer thickness is calculated as: 
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𝑑 = −𝜆 (sin 𝜃) ln
𝐼𝑠

𝐼𝑜
= −2.984 𝑛𝑚 (sin 45) ln

6288

10545
=  1.1 𝑛𝑚 

 To monitor what occurs in the solution as it transitions from liquid solution to gel, 

attenuated total reflectance (ATR) measurements of the LZO solution were obtained as a 

function of temperature. The ATR spectra reveal the chemical changes that occur as the solution 

transitions from the liquid to gel phase, which is the equivalent of a solution before (liquid) and 

after (gel) it is spin coated onto a substrate. This also allowed for clarification about the peak 

assignments in the infrared spectra. No carbonate is present in the precursor and therefore is not 

expected in the spectrum of the unannealed solution. Figure 3.4 shows the spectra collected for 

LZO solution that was heated on a hotplate in air; each spectrum shows the solution referenced 

to the clean ATR crystal. For each data point the solution was heated in air for five minutes, then 

allowed to cool to room temperature before the ATR measurements were taken. As expected, the 

original solution contains copious amounts of water, indicated by the large absorption in the OH 

stretch region in the 3000-3700 cm-1 range. Nitrate groups were also expected due to the 

presence of nitrate in the chemicals used to synthesize the precursor and were observed at 1033 

cm-1, 1300 cm-1, and 1624 cm-1. Carbonate formation, indicated by the peaks at 740 cm-1, 810 

cm-1, and 1500 cm-1, is not observed until the solution is heated to 250 °C and is attributed to the 

transformation of the precursor from the liquid to gel phase caused by heat, which mimics the gel 

formation that occurs when the bulk of the water is removed from the precursor solution during 

the spin off stage of film formation. As gel formation occurs, lanthanum molecules react with 

carbon dioxide in the atmosphere to form lanthanum carbonate species, which are detected in 

both FTIR and XPS. 
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Figure 3.4. Attenuated total reflectance spectra for LZO solutions heated in air. The carbonate 

modes at 740 cm-1, 810 cm-1, 1444 cm-1 and 1570 cm-1 appear at 250 °C, when the dehydrated 

solution begins to form a gel.   

 

Aluminum Oxide Phosphate 

Thermal dehydration of AlPO and NbPOx-capped AlPO films was examined by in situ 

FTIR as a function of annealing temperature. For this study, films were heated from 45 to 450 

°C, holding each temperature for five minutes. After each anneal, samples were cooled to 45 °C 

for FTIR data collection. A summary of differential spectra of the film after annealing to the 

specified temperature referenced the preceding annealing treatment is illustrated in Figure 3.5. 

This shows the evolution of the film at each temperature. Upon annealing to 150 °C, we note a 

decrease in the number of water/OH groups remaining in the film. By integrating the peak area, 

the loss of hydroxyl groups (3000-3740 cm-1) was quantified for each annealing temperature. 
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This information allows us to monitor the dehydration of the films and compare the dehydration 

of AlPO films with and without an NbPOx layer. Upon annealing to 450 °C, the uncapped AlPO 

film loses 83% of its total water content and the AlPO film with the NbPOx capping later loses 

90% of its total water content. This indicates that the capping layer effectively enhances the 

dehydration of the film for incremental anneals to 450 °C. 

Figure 3.5. Comparison of the (a) AlPO films to the (b) NbPOx-capped AlPO films. Differential 

spectra of the films show that the water removal process for the uncapped sample begins at low 

temperature, 80 °C, and continues consistently as the film is annealed to 450 °C. The capped 

sample shows the most significant amount of water removal at 150 °C. 

 

FTIR was also used to observe the difference in the rehydration of AlPO films with and 

without the NbPOx layer. After dehydration, films were placed in centrifuge tubes capped in air. 

Fourteen days post-anneal, the samples were re-introduced to the annealing chamber to collect a 

spectrum. To calculate the amount of water that the sample had absorbed over the two-week 

period, a differential spectrum was created referencing the sample that had been exposed to air to 

the original (AlPO or AlPO+NbPOx) films. Focusing on the OH stretch region (~2500 cm-1 to 

3700 cm-1), Figure 3.6 shows the spectra of the initial films and the reabsorption differential 

spectra. This gives an idea of the overall amount of water absorbed by the films during their 

450 °C :: 350 °C 

350 °C :: 250 °C 

250 °C :: 150 °C 

150 °C :: 80 °C 

80 °C :: 45 °C 
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exposure to atmosphere. Using OMNIC software, version 9.1.27 (Thermo Fisher Scientific Inc.) 

peak area integration measurements were obtained for the capped and uncapped films to 

determine how much water was originally removed from the films during the in situ anneal and 

how much water was reabsorbed into the film after the two-week period. The results of the 

integration for capped and uncapped samples are summarized in Table 3.1. 

Figure 3.6. FTIR spectra shows the rehydration of the (a) uncapped and (b) capped films as a 

function of the number of heavy water exposures. The uncapped film absorbed nearly double the 

amount of water present in the initial film while the uncapped film efficiently prevented water 

reabsorption, absorbing a mere 3% of the initial water content. 

 

Table 3.1. A summary of the water removal and reabsorption observed for AlPO films with and 

without the NbPOx capping layer. The capping layer was successful at enhancing the 

dehydration of the AlPO films as well as preventing rehydration over a two-week period in 

ambient atmosphere. The peak area integrations presented in the table represent an average of 

three repeated experiments. 

 

 

Sample 
Initial 

Integrated Area Area at 450 °C 
% OH 

remaining 

Area after 2 

weeks % reabsorbed 

AlPO 4.83 ± 0.09 0.810 ± 0.06 17 ± 1% 9.26 ± 0.3 192 ± 3% 

AlPO+NbPOx 11.3 ± 0.2 1.07 ± 0.09 10 ± 1% 0.392 ± 0.02 3.476 ± 0.001% 
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3.4 Discussion 

XPS was employed to identify the cause of density inhomogeneity. The results showed a 

decreasing La:Zr ratio as a function of depth, suggesting that a carbonate containing layer forms 

at the surface of the LZO films. A 1:1 ratio of La:Zr is expected for a thin film spun from 

La2Zr2O7, since the precursor stoichiometry is expected to transfer to the deposited film.20 

However, Table 3.2 shows a different relationship at the surface of the LZO film. For a 40 nm 

film that has been annealed in air at atmospheric pressure, sputtering for 60 seconds in the XPS 

with 1 keV Ar+ ions only probes the top surface (1 nm) of the film and is therefore not 

representative of the bulk of the film. This indicates the lanthanum carbonate surface layer may 

affect the characterization of the sample. For surface-sensitive techniques, such as XPS, the data 

obtained only reflects the chemical makeup of the La-rich top layer of the film. On the other 

hand, techniques that probe the entire depth of the sample, such as FTIR, suffer from the fact that 

the data obtained shows an average of the total film thickness and does not differentiate between 

the two different layers. This could introduce some error when exploring dehydration 

enhancement methods. Enhancement would be better realized using a system that does not suffer 

from this issue. 
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Table 3.2. Ratios of La to Zr obtained from corresponding XPS spectral regions (using MultiPak 

software version 9.4.0.7) for a single layer LZO film deposited from a 0.33 M precursor solution 

annealed to 450 °C in an ambient air environment. Films were sputtered with 1 keV Ar+ ions for 

a total of three minutes. Relative atomic percentages of La and Zr were calculated using peak 

area analysis in the MultiPak Software. 

 

 

 

 

 

 

To really understand the dehydration mechanism, the AlPO system was probed because 

this thin film system is known to be hygroscopic. Additionally, previous studies indicate that 

solution deposited films may act as a passivation layer and improve water transport properties for 

this system. The NbPOx capping layer shows a reduction in the temperature required to 

dehydrate AlPO thin films, which is attractive for future studies involving low temperature 

processing for aqueous-derived thin films. Additionally, the capping layer dramatically reduces 

the amount of water reabsorbed into the films upon prolonged exposure to atmosphere. This is 

attributed to the formation of a dense, continuous film at the surface of the sample.  

3.5 Conclusions 

Dehydration mechanisms for two thin film systems were studied using in situ 

spectroscopic analysis. This study highlights two issues observed for aqueous thin films, 

inhomogeneity and abundance of water. In situ capabilities allowed films to be studied in two 

phases: gel (wet film) and dehydrated film. 

Air Annealed LZO film 

Sputter Time (s) La 3d (%) Zr 3d (%) 

0 57.5 42.5 

5 62.6 37.4 

30 62.1 37.9 

60 59.4 40.6 

180 57.2 42.8 
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The first part of the study confirms thin film inhomogeneity for a multi-metal system 

using FTIR and XPS techniques. The initial film contains a large amount of carbonate, which is 

not present in the precursor solution. These techniques indicate that there is a lanthanum 

carbonate surface layer on the LZO films, resulting in an inhomogeneous distribution of La and 

Zr. This carbonate surface layer is attributed to the reaction of lanthanum oxide in the precursor 

with carbon dioxide present in the air. The LZO films studied here have inhomogeneous 

multilayers that result in dense interfaces between coats that will likely impact film properties. 

In the second part of this study, AlPO thin films were observed via in situ FTIR to probe 

a mechanism for dehydration enhancement. The NbPOx capping layer was found to effectively 

enhance the dehydration of the AlPO films. At 450 °C, 90% of the initial water in the NbPOx-

capped AlPO film was removed, whereas the uncapped film showed an 83% loss of water at the 

same temperature. Solution-processed NbPOx enables lower-temperature fabrication of solution-

processed AlPO dielectric material. The 20 nm NbPOx film was effective in minimizing water 

resorption; uncapped films absorbed a much lower percentage (3%) of the water that was 

initially present in the film as those with a cap (192%). Solution processed NbPOx thus enables 

the low-temperature fabrication of solution-processed thin films and acts as an effective water-

blocking layer. This work presents an attractive approach for fabricating barrier coatings at low 

temperatures without the use of vacuum-based techniques and suggests that other ion-conducting 

materials may be used to promote low-temperature dehydration. 
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CHAPTER 4  

MODIFICATION OF OXIDE-FREE SILICON SURFACES BY SELF-ASSEMBLED 

MONOLAYERS FOR WET THIN FILM DEPOSITION2 

4.1 Preface 

The properties of aqueous-derived oxide films are governed by the nature of the interface after 

deposition and curing, which is not well controlled. For instance, defects present in thin 

interfacial SiO2 layers are problematic for electronic applications. Self-assembled monolayers 

can help stabilize oxide-free surfaces and provide a functional group for later processing, such as 

phosphonic head groups to deposit Al-based oxides. We report here the attachment of 

phosphonic acid-terminated self-assembled monolayers to oxide-free, H-terminated silicon 

surfaces. Grafting of vinylphosphonic acid was demonstrated, although the system had issues 

with polymerization and instability in atmospheric environments. Therefore, a longer 

alkylphosphonic acid was considered. A two-step procedure was developed, starting with 

hydrosilylation of Si-H with 10-undecen-1-ol (under either thermal or UV activation), followed 

by transforming the hydroxyl functional group into a phosphonic acid group. A combination of 

FTIR, XPS, and contact angle measurements shows that grafting of this longer molecule results 

in a mixture of Si-C and Si-O-C bonds for thermally-activated samples and only Si-C bonds for 

UV-activated hydrosilylation. In both cases, the resulting SAM remains thermally stable up to 

250 °C and interfacial chemical integrity is maintained when stored in inert atmospheres at room 

                                                 

2 This chapter has been submitted for publication in a peer reviewed journal. 
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temperature for several days. Comparison of contact angles for the vinylphosphonic acid and the 

10-undecen-1-ol layers reveals that the former is more suitable for spin coating than the 

alkylphosphonic acid layer. Therefore, options for optimization of the alkylphosphonic acid 

molecule for spin coating are presented. 

4.2 Introduction 

There are several applications for which control of the interface is essential. Such surface 

tailoring can be achieved in many ways. For instance, for biological and sensor applications, wet 

chemical functionalization is a convenient and effective method to graft monolayers on silicon 

that stabilize the surface and allow interfacing with the outside environment.33 In general, 

interfaces are critical for devices, as underscored by Nobel Laureate Herbert Kroemer with the 

famous phrase, "the interface is the device".70 Due to the electronic properties and abundance of 

silicon, it is the preferred substrate for many applications, such as those involving the creation of 

an interface between a substrate and a solution or vapor 71-74 or for the microelectronics 

industry,75-76 where processing has been perfected to lower the overall cost of silicon-based 

devices. However, previous studies have shown that the electrical properties of silicon devices 

are degraded by the presence of native oxide.77 For instance, the capacitance of high-k dielectric 

films, necessary for the latest MOS devices, is dramatically degraded by the presence of even a 

thin SiO2 interfacial layer, since this layer is typically plagued by electronic interfacial states. 

 One effective way to mitigate this problem is to chemically stabilize oxide-free silicon 

surfaces.78 Hydrosilylation is a common technique used to graft self-assembled monolayers 

(SAMs) onto oxide-free silicon.41, 79 This method has been used for nearly three decades to 
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produce technologically useful and controllable interfaces for applications that suffer from a 

silicon oxide interfacial layer.33, 40, 46 In this process, an unsaturated hydrocarbon is reacted with 

H-terminated silicon surfaces to produce a stable monolayer bound by Si-C covalent linkages. 

Several methods have been explored to achieve grafting of monolayers on silicon, such as 

thermal,79 ultraviolet (UV),79 and electrochemical activation.80-81 In thermal hydrosilylation, 

grafting is realized through radical initiation of Si-H surface groups that can then react with a 

terminal alkene or alkyne molecule. With ultraviolet hydrosilylation, a high dose of ultraviolet 

radiation is used to achieve the same radical formation.82 Both methods have been shown to 

produce stable monolayers with controlled interfaces,83 although Khung et al. showed that both 

mechanisms can produce Si-C and Si-O-C bonds depending on the chemical nature of the 

terminal group of the molecule being used.84  

 Several examples of functionalization exist to control interfaces important for electronics 

applications. For example, wet chemical functionalization has been used to stabilize oxide-free 

silicon surfaces and graft nanoparticles for energy harvesting,85 after it was shown that the 

density of surface states at the Si-C interface was low.86 Metal contacts were deposited on a 

grafted organic monolayer by ALD without degradation of the Si-C interface 78. Thermal 

hydrosilylation has been used as a method for stabilizing porous silicon for industrial 

applications.87 In general, wet chemical processing leads to grafting of SAMs that are relatively 

well ordered in large domains. 

 Numerous alkene molecules can be grafted with a variety of functional groups, such as 

methyl, carboxylic acid, and amine.88-90 These SAMs are attractive for surface modification 

because the functional groups are easily modified, and the entire process is scalable. There have 
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been, however, no attempts to graft phosphonic acid-terminated SAMs, whose affinity for oxide 

surfaces may be useful as an interfacial layer between the silicon substrate and aluminum-based 

oxide thin films deposited from aqueous solutions. Such aqueous processing is novel and 

attractive for many applications.91-93 

 Several studies have shown success in grafting phosphonic acid SAMs onto various oxide 

surfaces through the phosphonic acid head group, most notably the T-BAG method developed by 

Schwartz et al. for adsorbing phosphonic acid head groups to oxide layers through Si-O-P 

bonds.94-97 In contrast, our work aims to graft phosphonic acid-terminated SAMs through Si-C 

bonds, leaving the phosphonic acid group available for binding to aluminum-based thin films 

deposited via solution deposition techniques. In this way, the SAM layer has two purposes: 1) 

the Si-C bonding provides a low defect density interface and protection of the oxide-free Si 

surface,86, 98 and 2) the top phosphonic acid endgroup provides an optimal layer for attachment to 

alumina-based thin films.99 

 Using previously described hydrosilylation methods, this work focuses on the activation 

methods to optimize the formation of a stable monolayer with a terminal phosphonic acid 

functional group, with aim to understand the reaction pathways for both thermally and UV 

activated hydrosilylation methods. In our exploration of alkylphosphonic acid self-assembled 

monolayers on H-terminated silicon surfaces, we considered first vinylphosphonic acid. This 

molecule is of interest because the desired phosphonic acid functional group is already present in 

the molecule, allowing for a one-step grafting process. The alkene end of the two-carbon chain 

molecule can react with H-terminated Si by both thermal and ultraviolet-initiated hydrosilylation. 

However, this short molecule tends to polymerize, an issue that led us to explore grafting an 11-
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carbon alkylphosphonic acid via a two-step process instead: grafting a SAM with an alcohol 

termination first and then converting the functional group to phosphonic acid. This process was 

characterized after both thermal and ultraviolet hydrosilylation. We find that UV-initiated 

hydrosilylation of longer chain molecules gives the best ordered monolayer SAMs. However, the 

contact angle is still too high for spin casting. By contrast, shorter molecules yield lower contact 

angles, which is better for spin casting, although they are difficult to control due to 

polymerization. Options for improving the hydrophilicity of the long-chain SAMs for subsequent 

spin casting applications are therefore explored and presented. 

4.3 Experimental 

Materials. All chemicals are used without further purification, unless otherwise noted. 

Dichloromethane (ACS grade), acetone (ACS grade), ammonium hydroxide (ACS grade), 

hydrogen peroxide (technical grade), ethyl acetate (ACS grade), o-phosphoric acid (85%, ACS 

grade), hydrofluoric acid (49%, CMOS grade), and ammonium fluoride (40%, CMOS grade) 

were purchased from Fisher Scientific. Methanol (ACS grade) and hydrochloric acid (ACS 

grade) were purchased from Sigma-Aldrich. The 10-undecen-1-ol (99%, Fisher Scientific) and 

vinyl phosphonic acid (97%, Sigma Aldrich) used for surface modification are kept in a 

nitrogen-purged glove box and are deoxygenated prior to use by the freeze-pump-thaw 

method.100 Deionized water (DIW) with a resistivity of 18.2 MΩ is dispensed from a Millipore 

A10 system. 

Sample Preparation. All samples are cut from lightly doped (ρ ~ 20-60 Ω) double-side polished 

float zone (FZ) Si (111) wafers into 1.5 cm x 3.8 cm coupons (500 μm thick). The substrates are 

cleaned in a five-step process before the grafting procedure: 1) the substrates are first sonicated 
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sequentially in dichloromethane, acetone, and methanol for 10 minutes each to remove grease 

and dirt from handling; 2) then cleaned by heating to 80 °C in a 4/1/1 solution of 

DIW/ammonium hydroxide/hydrogen peroxide (RCA 1) for fifteen minutes followed by rinsing 

with copious amounts of DIW, and; 3) the samples are cleaned in a 4/1/1 solution of 

DIW/hydrochloric acid/hydrogen peroxide (RCA 2) at 80 °C for fifteen minutes; 4) the resulting 

samples are then etched in 20% hydrofluoric acid for one minute to remove the native oxide; and 

5) a chemical oxide is regrown by immersing the sample in RCA 1 for 15 minutes at 80 °C. An 

FTIR spectrum of the oxide surface is then collected to evaluate the effectiveness of the cleaning 

procedures and to use as reference for subsequent processing. An atomically flat Si (111)-H 

surface is prepared by submerging the clean, oxidized silicon sample in 40% ammonium fluoride 

for 15 minutes,31 and a reference FTIR spectrum recorded. 

 Grafting of the short molecule is achieved by immersing the freshly NH4F-etched Si 

surface in a deoxygenated 5% v/v solution of vinylphosphonic acid dissolved in mesitylene. The 

reaction proceeds at 160 °C for 10 minutes in a nitrogen-purged glove box (< 0.1 ppm). The 

resulting layer is rinsed in a stream of running DIW for 10 seconds, then dried with nitrogen. The 

process is summarized in Figure 4.1. 

Figure 4.1. A schematic of the single step grafting process used to attach a monolayer of ethyl 

phosphonic acid on oxide-free silicon. 
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 Alternatively, attachment of the longer molecule is performed by taking a clean, freshly 

NH4F-etched Si surface and immersing it in neat deoxygenated 10-undecen-1-ol either 1) under 

nitrogen at 200 °C for 4 hours in the case of thermally-activated hydrosilylation; or 2) under UV 

irradiation (with 253, 350, and 375 nm wavelengths) at room temperature for 1.5 h in the case of 

UV-activated hydrosilylation. After this treatment, the sample is rinsed with ethyl acetate for one 

minute followed by a 10-second rinse in boiling dichloromethane. The activation of the 

hydroxyl-terminated surface to obtain a phosphonic acid-terminated surface is performed by 

immersing the surface-functionalized sample in 5 M phosphonic acid for 10 minutes at room 

temperature, and then rinsing for 10 seconds in DIW. This two-step monolayer attachment 

process is shown in Figure 4.2. 

Figure 4.2. A schematic of the two-step grafting process. In the first step, a hydrosilylation 

reaction produces a monolayer of undecane-1-ol. In the second step, the functional group is 

converted from an alcohol to an ester-phosphonic acid by reaction with o-phosphoric acid. 
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Sample Characterization 

Static Contact Angle Measurements. Static water contact angle measurements are recorded on a 

Ramé-Hart Instrument model 200-F goniometer. Measurements are performed at room 

temperature in ambient atmosphere. The images of three different drops are recorded for each 

sample using a sessile water droplet size of 3 μL. The drop images are processed by an image 

analyzer to calculate the left and right contact angles of the water droplet. 

X-ray photoelectron Spectroscopy (XPS). Ex situ X-ray photoelectron spectroscopy 

measurements are performed using a PHI 5600 spectrometer equipped with an Al Kα source and 

a hemispherical analyzer maintained under ultra-high vacuum conditions (~10-10 Torr). Spectra 

are obtained for the C 1s, Si 2p, Si 2s, O 1s, and P 2p core level energies for each sample. 

Spectral analysis is performed using a combination of CasaXPS (version 2.3.17PR1.1) and 

MultiPak (version 9.4.0.7) software programs. 

Fourier Transform Infrared Spectroscopy (FTIR). FTIR absorption spectra are recorded using 

a Thermo Nicolet 6700 FTIR spectrometer between 400 cm-1 and 4000 cm-1, with a resolution of 

4 cm-1. For characterization of the SAM layers, an FTIR spectrometer with a deuterated 

triglycine sulfate (DTGS) detector is in a nitrogen-purged glove box, and spectra are collected 

during each stage of the substrate cleaning and SAM attachment processes. 

 In situ thermal stability studies are performed under vacuum in a home-built reactor 

interfaced to a Thermo Nicolet 6700 FTIR spectrometer. A liquid nitrogen-cooled mercury 

cadmium telluride (MCT-B) detector is used for data collection of the sample inside the reactor. 

The substrate temperature is maintained at 45 °C for all spectral acquisition to ensure stability of 

the baseline. Samples are positioned at Brewster’s angle for silicon (IR beam incident at 74° 
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from sample normal) to maximize the signal to noise ratio of all vibrational components and 

minimize interference. Three loops, each consisting of 500 scans, are collected and averaged for 

each processing step, thus allowing a check on the stability during the whole measurement. 

Analysis is performed using the OMNIC software, version 9.1.27 (Thermo Fisher Scientific 

Inc.). 

Spectroscopic Ellipsometry. A Horiba Scientific UVISEL spectroscopic ellipsometer is used to 

obtain the approximate thickness of the SAM layers. The instrument has a wavelength range of 

190 – 2100 nm and the ability to measure films with a thickness of 1 Å – 30 μm. Measurements 

are performed at room temperature in ambient atmosphere. For each sample, the data are 

collected and averaged at three different positions on the sample.  

4.4 Results and Discussion 

Hydrosilylation with vinylphosphonic acid. Grafting of vinylphosphonic acid monolayers onto 

atomically flat Si (111)-H surfaces was first performed using a thermal hydrosilylation process, 

with a 20-hour immersion time. A high degree of polymerization was noted in samples grafted 

for 20 hours, as evidenced by strong IR absorption and high thickness derived from ellipsometry. 

Therefore, the dependence on immersion time was explored. Figure 4.3 shows the infrared 

spectra for several vinylphosphonic acid samples grafted for different immersion times, starting 

at 20 hours and decreasing to 3-minute hydrosilylation periods. The sample thicknesses were 

measured via spectroscopic ellipsometry to confirm approximate monolayer thickness. SE results 

for various grafting times are presented in Table 4.1. Based on the infrared spectra and thickness 

data, the 10-minute process did not show evidence of multilayers caused by polymerization and 
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produced a film of ~monolayer thickness. This processing time was therefore adopted for all 

subsequent experiments. 

Figure 4.3. FTIR spectra during the vinylphosphonic acid grafting process. Time dependent IR 

are shown from 20 hours down to 3 minutes, top to bottom. Using the Si-H peak at 2083 cm-1 as 

a reference, the relative thickness of the SAM layer can be gauged for each hydrosilylation time. 

 

Table 4.1. Ellipsometry thickness values obtained for vinylphosphonic acid monolayers grafted 

for various hydrosilylation times.  

 

 

 

 

 

 

Hydrosilylation 
Time Layer Thickness (nm) 

20 hours 4.327 ± 1.838 

2 hours 8.845 ± 0.947 

1 hour 1.9309 ± 0.692 

10 minutes -- 

5 minutes -- 

3 minutes -- 
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The infrared spectra of vinylphosphonic acid SAM samples grafted for 10 minutes via 

thermal and UV hydrosilylation are shown in Figure 4.4. The top spectrum (black) is the 

differential spectrum of freshly H-terminated silicon referenced to clean Si (111). The peaks at 

1041 cm-1 and 1209 cm-1 are attributed to the transverse optical (TO) and longitudinal optical 

(LO) phonon modes for silicon oxide, respectively, and their weakening (negative peaks) is 

associated with the removal of the native oxide layer on the silicon substrate. The appearance of 

the peak at 2083 cm-1 is indicative of Si-H formation on the surface. The spectra (red and green) 

shown in Figure 4.4 are both characterized by bands associated with the vinylphosphonic acid 

molecule, such as peaks in the 2800- 3000 cm-1 region (C-H stretch of the carbon chain), at 

~1250 cm-1 (P=O stretch), confirming its attachment to the silicon substrate. The intensity of 

these modes corroborated with thickness measured by spectroscopic ellipsometry (Table 4.1) 

indicate that approximately a monolayer is grafted. 

 

Figure 4.4. FTIR spectra of the vinylphosphonic acid SAM grafted via thermal and UV 

hydrosilylation. The top spectrum shows the Si-H surface referenced to clean silicon oxide. 
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Since there are many contributions in the 1000-1300 cm-1 region where the SiO2 

vibrations lie, X-ray photoelectron spectroscopy (XPS) is more suitable to determine if the Si 

surface is oxidized at the Si/SAM interface. The XP spectra in Figure 4.5 shows that there is no 

measurable contribution in the 101-104 eV region for thermally- or UV-grafted samples, 

indicating that there is no detectable interfacial oxidation for samples maintained in nitrogen 

during transfer and loaded into the XPS chamber within 10 minutes of grafting. For thermally-

activated SAMs, the Si 2p core level peak is deconvoluted into Si-C components at 99.8 and 

100.4 eV and two spin-orbit components—Si 2p3/2 and Si 2p1/2 at 99.4 eV and 100 eV. For UV-

activated SAMs, the Si 2p core level peak is deconvoluted into Si-C components at 99.7 and 

100.3 eV and two spin-orbit components—Si 2p3/2 and Si 2p1/2 at 99.4 eV and 100 eV. 

Furthermore, the lack of the Si-O-C peak at 102.5 eV indicates that there is no detectable reverse 

binding for the vinylphosphonic acid system. However, the stability of the vinylphosphonic acid 

SAM layer in air is poor. The final surface oxidizes quickly when exposed to air (less than one 

hour) and with thermal treatment of 150 °C (Figure 4.9). 

 

Figure 4.5. XPS of the Si 2p core energy level for vinylphosphonic acid SAM grafted via (a) 

thermal and (b) UV hydrosilylation. 
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Hydrosilylation with 10-undecen-1-ol. Previous studies have shown that an increase in chain 

length may lead to greater interfacial stability101; therefore, a longer chain molecule was also 

studied as an alternative interfacial layer between silicon and spin-coated films. Molecules of 10-

undecen-1-ol were grafted onto atomically flat H-terminated Si (111) surfaces using a thermally-

activated process. UV-initiated hydrosilylation was also studied for this system as a method to 

promote bonding through Si-C linkages. By irradiating the Si-H surface, rather than thermally 

heating it, the reaction proceeds by purely radical-based reactions and the molecule is attached 

solely through Si-C bonds. It is hypothesized that UV hydrosilylation facilitates a surface that is 

pre-decorated with radicals, reducing the chance that a nucleophilic reaction will occur on the 

surface (as in thermal hydrosilylation), and as a result, it eliminates Si-O-C linkages.82  

 FTIR and XPS were therefore combined to determine which reactions take place at the 

surface, i.e. whether Si-C or Si-O-C bonds are formed. The former is expected for a classical 

hydrosilylation reaction of the SAM alkene group with Si-H, the latter for the less likely reaction 

of the OH functional group with Si-H. If the former reaction dominates, the next step of the 

process is to convert the top OH group into O-PO3H2 by reacting the surface with o-phosphoric 

acid.  

Figure 4.6 shows the infrared spectra of the SAM at each step in the expected attachment 

process: (1) the initial Si-H surface obtained by etching away the native oxide layer, (2) the 

hydroxyl-terminated SAM surface after hydrosilylation, and (3) the phosphonic acid-terminated 

surface after conversion. The top spectrum (blue) shows the strong and sharp Si-H stretch (2083 

cm-1) and bend (620 cm-1) modes of the H-terminated silicon surface referenced to silicon oxide 

(negative TO and LO phonon bands at 1047 cm-1 and 1200 cm-1). The middle (red) spectrum 
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shows the hydroxyl-terminated SAM layer (referenced to the Si-H surface), with clear signature 

of alkyl modes at 2925 cm-1 and 2852 cm-1; the O-H stretch is too weak to detect. The bottom 

spectrum (green) shows the surface after conversion from alcohol to phosphonic acid (referenced 

to the Si-H surface). The conversion is apparent because of the emergence of the P=O peak at 

1264 cm-1 as well as the symmetric and asymmetric stretching of the P-O bonds at 1019 cm-1 and 

1105 cm-1, respectively. Although it is not obvious from the ~1000 cm–1 region of the spectrum 

(Si-O-C stretch), there must be a small number of molecules that are bonded through the O 

atoms because there is a small, but detectable, contribution at 3082 cm–1 corresponding to the 

alkene bond, i.e. not reacted with Si-H. 

 

Figure 4.6. FTIR absorption spectra showing the two-step method for grafting a SAM through 

thermal initiated hydrosilylation: (1) hydrogen-terminated Si (111) surface referenced to the 

surface with a clean native oxide, (2) hydroxyl-terminated SAM referenced to the Si-H surface, 

and (3) phosphonic acid-terminated SAM referenced to the Si-H surface. 

 



 

54 

To obtain more precise information about the Si/SAM interface, freshly-grafted samples 

were also characterized by ex situ XPS for thermally activated and UV irradiated samples. Figure 

4.7 shows the Si 2p region for both sample types. Each spectrum is deconvoluted into Si 2p1/2 

and Si 2p3/2 peaks for elemental silicon (99.5 and 100.1 eV for thermal and 99.4 and 100 eV for 

UV) and silicon bound to carbon at 99.9 and 100.5 eV for thermal- and 99.7 and 100.3 eV for 

UV-initiated samples. Samples grafted by thermal hydrosilylation have a weak additional peak at 

102.5 eV, corresponding to a silicon-oxygen-carbon bond. The silicon dioxide peak at 103.5 eV 

is not observed for either sample type, which indicates that the silicon substrate remains oxide-

free during processing and transfer. 

Samples grafted via thermal hydrosilylation have an 11 at% contribution from Si-C bonds 

via the peak at 100.2 eV in the Si 2p region. However, there is also evidence for reverse 

attachment, i.e. the presence of a weak peak at 102.5 eV attributed to Si-O-C bonds. In contrast, 

no such Si-O-C peak is observed for UV-irradiated samples, indicating that no reverse 

attachment occurs for this method. 

Figure 4.7. High resolution x-ray photoelectron spectra of the Si 2p region for hydroxyl-

terminated SAMS grafted through (a) thermal and (b) ultraviolet hydrosilylation methods. 
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Wettability of the Monolayers. 

Aqueous solutions are typically spin coated onto freshly piranha cleaned102 or plasma 

etched69, 103 silicon oxide surfaces, which exhibit contact angles of less than 10°.102 Similar 

hydrophilicity and surface affinity are required if spin coating of aqueous solutions is to be 

realized on SAM molecules. Phosphonic acid head groups have been shown to react well with 

aluminum oxide surfaces in studies where alkylphosphonic acid monolayers are attached to 

aluminum oxide surfaces.99, 104-105 Therefore it is expected that a phosphonic acid end group will 

be conducive to spin coating aqueous, aluminum-based solutions, given proper functional group 

orientation and overall surface hydrophilicity. 

Static drop contact angle measurements were therefore performed to determine how the 

macroscopic hydrophilicity is impacted by reverse binding, if present in any of the four types of 

grafted samples. The results show that the contact angle for the two-carbon (short) SAM is low 

(CA less than 40°), regardless of the hydrosilylation mechanism employed for grafting. The 

measured contact angles for the longer chain layer are 84.2° for thermally-activated samples and 

72.6° for UV-activated samples. The higher value for thermally treated samples is attributed to 

the presence of some hydrophobic alkene groups (for molecules that are bonded in reverse, i.e. 

with a Si-O-C bond) among the phosphonic acid head groups on top. Additionally, the relatively 

high contact angle suggests that the hydrophilic phosphonic acid functional group is only 

partially exposed, due to the head group orientation at the surface of the SAM (established by the 

angle of attachment between the substrate and SAM and the rotation of the head group). A 

summary of contact angle data and other properties for the SAM systems is shown in Figure 4.8. 
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Figure 4.8. Contact angle measurements for SAMs deposited via a) thermal hydrosilylation of 

10-undecen-1-ol followed by functional group conversion with o-phosphonic acid, b) UV 

hydrosilylation of 10-undecen-1-ol followed by functional group conversion with o-phosphonic 

acid, c) thermal hydrosilylation of vinylphosphonic acid, and d) UV hydrosilylation of 

vinylphosphonic acid. The table also shows the ratio of Si-C to Si-O-C bonds, obtained from 

XPS peak deconvolution in CasaXPS (version 2.3.17PR1.1) software. The far-right column 

shows the percentage of Si-H groups converted to Si-C or Si-O-C bonds during hydrosilylation. 

 

Thermal Stability of the Monolayers 

 The integrity of the Si/SAM interface must be maintained during aqueous solution 

deposition and subsequent processing, which involves an annealing step to remove excess water 

and densify the film.21 Typically, temperatures higher than 400 °C are required to fully dehydrate 

the aqueous spin-coated films. Therefore, it is important to understand the changes that occur in 

the SAM layer as it is being annealed to decouple changes in the film from those related to the 

SAM layer. The thermal stability of the SAMs was examined by annealing a freshly-converted 

sample in an annealing chamber equipped with an in situ FTIR. For these experiments, an initial 
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FTIR spectrum was recorded with the sample at a temperature of 45 °C as a reference of the 

starting monolayer. Samples were sequentially annealed to 80, 150, 250, 350, and 450 °C for 

five minutes each, and then cooled down to 45 °C for spectral acquisition. 

 The two-carbon chain SAMs undergo interfacial oxidation at annealing temperatures as 

low as 150 °C, as shown via FTIR results in Figure 4.9. Additionally, annealing to 150 °C 

reveals the loss of the previously-hidden (convoluted) P=O stretch at 1250 cm-1. 

 

Figure 4.9. FTIR spectra of the 2-carbon SAM layer upon annealing to 450 °C under vacuum. 

Peak area analysis reveals significant perturbation in the alkyl region begins at the 150 °C anneal, 

where a loss of 38% is observed. 

 

 In contrast, for the 11-carbon SAMs, only minor spectral changes are observed below 

250 °C, consistent with good chemical stability. At 250 °C, losses at 2900 cm-1 and 2950 cm-1 as 

well as at 1250 cm-1 (Figure 4.10), associated with alkyls and P=O respectively, indicate the start 
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of the desorption of the monolayer. Up to 350 °C, we observe minimal gains for the SiO2 phonon 

modes in the 1000 cm-1 and 1300 cm-1 region. Above 350 °C, desorption of the SAM layer is 

evidenced by losses related to the alkyl chain at 2854 cm-1 and 2926 cm-1; when this occurs, there 

is significant interfacial oxidation, as observed by strong absorption peaks for silicon oxide 

phonons at 1013 cm-1 and 1210 cm-1.  

 

Figure 4.10. FTIR spectra of the 11-carbon SAM layer upon annealing to 450 °C under vacuum. 

Analyzing the area of the peaks at 2856 cm-1 and 2927 cm-1, significant loss of the monolayer 

does not occur until temperatures above 250 °C. Below this temperature, only 5% loss in the 

peak area is observed. By 450 °C, 61% of the peak area is lost. 

 

4.5 Conclusions 

We have demonstrated four synthetic routes to graft self-assembled monolayers of alkene 

molecules with (or transformed into) a phosphonic end group using both thermally- and UV-
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activated hydrosilylation reactions. A combination of FTIR, XPS, and contact angle 

measurements shows that the vinylphosphonic acid molecule can produce a hydrophilic 

monolayer by thermal and UV methods. However, polymerization inherent to the vinylic 

molecule makes the process difficult to control and causes the SAM layer to be unstable against 

interfacial oxidation in atmospheric environments. Similar measurements with longer chain 

molecules grafted via thermal hydrosilylation show that there is a mixture of Si-C and Si-O-C 

bonds (i.e. some reverse binding), which results in a more hydrophobic monolayer. In contrast, 

these long-chain SAMs grafted by UV hydrosilylation are characterized by only Si-C bonds and 

exhibit relatively smaller contact angles. In both cases, there is no evidence for silicon oxidation 

at the interface for these long-chain SAMs.  

Thermal stability was also investigated for both the short- and long-chain SAMs. Short-

chain SAM layers begin to desorb at temperatures as low as 150 °C, marked by the appearance of 

silicon oxide phonons and perturbation in the wavenumber region associated with phosphonic 

acid modes. For the long-chain SAMs, no quantifiable changes are observed at temperatures 

below 250 °C. At higher temperatures, molecular desorption is marked by perturbations in the 

FTIR alkyl and phosphonate modes. This information is important to future hydrosilylation 

studies, for which specific interfacial bonds are desired. Specifically, the removal of silicon 

dioxide from the electrical interface between substrate and an overlying film can be achieved 

with phosphonic acid self-assembled monolayer systems. 
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CHAPTER 5 

AQUEOUS DIELECTRIC THIN FILMS DEPOSITED ON A PHOSPHONIC ACID-

TERMINATED SELF ASSEMBLED MONOLAYER3 

5.1 Introduction 

Oxide materials have valuable applications for thin-film transistors (TFTs), for which 

they can be employed as gate dielectrics, active layers, or electrodes.103, 106-108 For dielectrics, the 

quality of the interface is of high importance and its integrity remains an important topic in 

microelectronics research.109 The quality of this interface can be measured by probing the 

electrical properties of the organic oxide material deposited onto a semiconductor substrate with 

a well-understood interface. For silicon substrates, the native silicon oxide layer provides a well-

known, stable interface for most applications. However, studies have shown that the silicon 

oxide interface is not ideal for all applications. For example, oxides deposited from aqueous 

solutions experience electronic degradation due to water diffusing into the SiO2 layer and 

forming impurity centers that cause electron trapping.110-112 Therefore, it is essential to develop 

methods to remove or replace the silicon oxide interface for applications involving water at the 

semiconductor interface. 

In a previous study, SAM layers were engineered to contain phosphonic acid headgroups 

that would inherently interact with aqueous aluminum-based precursor solutions. Two- and 

eleven-carbon chain length SAMs were grafted onto oxide-free silicon and characterized via in 

                                                 

3 This chapter will be submitted to a peer reviewed journal. 
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situ Fourier transform infrared spectroscopy (FTIR) and ex situ X-ray photoelectron 

spectroscopy (XPS) to study the chemical changes that occur in the monolayer as it is exposed to 

elevated temperatures as well as the bonds present at the interface between the silicon and the 

SAM. In this study, these monolayers will replace the silicon oxide interfacial layer between 

silicon substrates and spin coated thin films. Four systems will be studied using a combination of 

two SAM layers and two aluminum-based thin films. The interaction between the SAM and film 

layer, as well as bonds present at this interface, will be studied with in situ FTIR and ex situ XPS. 

Metal-insulator-semiconductor (MIS) devices will be fabricated for each of the four systems to 

be used for C-V and I-V curve measurements. This will allow us to quantify the integrity of the 

SAM/film interface and compare it to previously reported electrical data for the solution-

processed aluminum oxide phosphate (AlPO)103 and aluminum oxide113-114 thin film systems 

used in this study. 

5.2 Experimental 

Materials 

All chemicals are used without further purification, unless otherwise noted. The following ACS 

grade solvents were purchased from Fisher Scientific: dichloromethane, acetone, and ethyl 

acetate. ACS grade methanol was purchased from Sigma-Aldrich along with hydrochloric acid. 

Ammonium hydroxide (ACS grade), hydrogen peroxide (technical grade), o-phosphoric acid 

(85%, ACS grade), hydrofluoric acid (49%, CMOS grade), and ammonium fluoride (40%, 

CMOS grade) were purchased from Fisher Scientific. Vinyl phosphonic acid (97%, Sigma 

Aldrich) 10-undecen-1-ol (99%, Fisher Scientific) used for surface modification are kept in a 

nitrogen-purged glove box and are deoxygenated prior to use by the freeze-pump-thaw 



 

62 

method.100 All water used in this study is deionized water (DIW) with a resistivity of 18.2 MΩ 

dispensed from a Millipore A10 system. 

Substrate Preparation 

 Substrates were cut from a 4-inch wafer of lightly doped, double-side polished float zone 

Si (111) substrates. The substrates were cut into 3.8 x 1.5 cm2 coupons for annealing and FTIR 

studies or, alternatively, into 2.5 cm2 coupons for electrical characterization. The silicon surface 

was cleaned in RCA1 and RCA2 for fifteen minutes each, then etched for one minute in 20% 

hydrofluoric acid to remove the native oxide. Then, a 15-minute RCA1 bath was used regrow a 

well-defined chemical oxide. Lastly, an atomically flat Si-H surface was produced by immersing 

the clean silicon oxide surface in a 40% NH4F solution for 15 minutes. A reference IR spectrum 

was obtained for the resulting surface. 

SAM Preparation 

Self-assembled monolayers were grafted to freshly etched, H-terminated silicon 

substrates using the methods outlined in the previous chapter. For the short molecule, this was 

achieved by immersing the H-terminated silicon in a deoxygenated 5% v/v solution of 

vinylphosphonic acid dissolved in mesitylene. Thermal hydrosilylation was performed at 160 °C 

for 10 minutes in a nitrogen purge box. UV hydrosilylation was done by immersing the Si-H in 

the VPA-mesitylene solution using 253, 350, and 374 nm wavelengths for a 10-minute period. 

After grafting, samples were rinsed with water for ten seconds and blown dry with nitrogen. For 

the long SAM, the attachment was achieved by reacting the Si-H surface with neat, 

deoxygenated 10-undecen-1-ol for 1.5 hours in a nitrogen-purged tube under ultraviolet 

irradiation. Freshly-grafted samples were then reacted with o-phosphonic acid to produce a 
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phosphonic acid termination. The surface was rinsed with ethyl acetate and blown dry with 

nitrogen before characterization and further processing. 

Precursor Solutions Preparation and Thin Film Deposition 

AlPO precursor solutions were prepared by dissolving Al(OH)3 (Alfa Aesar) in two molar 

equivalents of HNO3 (Sigma Aldrich) and adding the appropriate amount of H3PO4 to achieve 

the desired Al3+:PO4
- ratio. Here, the final concentration of Al3+ was 1.00 M and the Al3+:PO4

- 

ratio was 1:0.6. The mixture was stirred for 24 hours in an 80 °C water bath until dissolved. The 

solution was diluted with 18 MΩ Millipore water to the final volume to achieve the desired 

concentration. Thin films were prepared by coating 0.25 M AlPO solution on Si (111) 

phosphonic acid terminated SAM surfaces. The solution was filtered with a 0.45 μm PTFE filter 

before films were spun cast at 3000 RPM for 30 seconds. Upon spin coating, the AlPO reaction 

proceeds as: 

2𝐴𝑙(𝑂𝐻)3 + 4𝐻𝑁𝑂3 + 1.2𝐻3𝑃𝑂4 + 𝐻2𝑂 → 𝐴𝑙2𝑃1.2𝑂6 + 4𝐻𝑁𝑂3 + 5.8𝐻2𝑂. 

 The resulting films were either loaded into the annealing chamber to study the chemical 

evolution of the thin film as a function of temperature or used for electrical characterization. 

Alumina precursor solution was prepared from the flat Al13 powder detailed by Wang et 

al.115 First, 30.01 g of Al(NO3)3•9H2O (ACS grade, Baker Analyzed reagent) was dissolved in 

ultra-pure water to make a 50-mL solution. To this solution was added 2.82 g of a zinc metal 

powder (Alfa Aesar, 99.99% metals basis). The molar ratio of Zn: Al was 1:2. The reaction 

mixture was stirred overnight to fully dissolve the zinc powder, and then filtered into a dish and 

placed in the fume hood to allow the remaining water to evaporate. The reaction proceeds 

according to the equation: 
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2𝐴𝑙(𝑁𝑂3)3 ∙ 9𝐻2𝑂 + 𝐻2𝑂 + 𝑍𝑛 → 𝐴𝑙2𝑂3 + 3𝑁𝑂3 + 𝑁𝑂2 + 𝑍𝑛(𝑁𝑂2)2 + 10𝐻2𝑂. 

As the water was removed, crystals began to form, which were subsequently dissolved in 

water to make the aqueous alumina precursor. A more dilute solution yields a thinner film, so 

precursors were diluted to achieve desired film thickness as determined by a previous study.116 

For this system, thin films were deposited by spin coating a 0.25 M solution of alumina solution 

onto the substrate at 3000 RPM for 30 seconds.  

Sample Characterization 

Fourier Transform Infrared Spectroscopy (FTIR). Annealing studies were performed in an 

annealing chamber equipped with in situ FTIR capabilities. Samples were mounted inside the 

chamber at Brewster’s angle to maximize the signal to noise ratio and decrease interference. 

FTIR spectra were collected using a Thermo Nicolet 6700 spectrometer. For each system, a 

reference spectrum was obtained of the surface at each step in the SAM preparation and thin film 

deposition. Si/SAM/film systems were annealed incrementally to 450 °C in air for five minutes 

at each target temperature, then cooled for data collection. All spectra were collected at a 

temperature of 45 °C to maintain consistency in the baseline. Each differential spectrum is the 

result of the spectrum collected at a specific temperature referenced to the spectrum obtained at 

the previous annealing temperature. To obtain a representation of the film in its current state at 

any point, the spectrum of the annealed sample is referenced to the spectrum of the initial surface 

(before annealing) to show overall changes to the sample, called a differential spectrum. Looking 

at the differential, which is plotted in absorbance, positive peaks indicate a gain and negative 

peaks indicate a loss of bonds in the film. 
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Spectroscopic Ellipsometry. Spectroscopic ellipsometry was used to obtain approximate 

thickness values for the metal oxide thin films. Measurements were performed on a Horiba 

Scientific UVISEL spectroscopic ellipsometer, which has a wavelength range of 190 - 2100 nm 

and can measure films with a thickness of 1 Å – 30 μm. Three spots on each sample were 

analyzed in air. 

Electrical Characterization. C-V and I-V curve measurements for the Si/SAM/film stacks will 

be performed on MIS devices fabricated by depositing one of two aluminum-based precursors 

onto a freshly-grafted phosphonic acid-terminated SAM, and then using a shadow mask to 

evaporate Al contacts onto the top of the sample. I-V measurements were performed with bias 

applied to the top Al electrode and the silicon connected to the ground; an Agilent 4155C 

semiconductor parameter analyzer was used to collect the data. C-V measurements will be 

performed with an E4980A LCR meter. 

5.3 Results and Discussion 

Aluminum Oxide Phosphate on Silicon Oxide 

The infrared spectra for AlPO deposited on silicon oxide substrates is shown for the 

entire collected spectral range in Figure 5.1. Each spectrum shows the chemical changes that 

occur at one temperature referenced to the spectrum recorded for the previous annealing 

temperature, denoted by (::) in the plot. The bottom curve shows the spectrum of a 30nm AlPO 

film deposited on silicon oxide referenced to the clean silicon oxide substrate. The initial film 

contains large amounts of water and nitrate from the precursor solution. The spectra above the 

curve are spectra taken as a function of annealing and referenced to the previous annealing 



 

66 

temperature to obtain differential spectra. Upon annealing, significant losses are observed in the 

OH stretch region (3000 cm-1-3740 cm-1), which correspond to a total of 83% water removal by 

450 °C. Nitrate removal is indicated by losses in the peaks at 1332 cm-1, 1583 cm-1, and 1619 cm-

1. The Al-O-P bond is denoted by the peak at 1109 cm-1. 

Figure 5.1. The infrared spectra of a 0.45 M AlPO film deposited on SiO2. The reference spectra 

show that the initial film contains copious amounts of water and nitrate groups, as present in the 

precursor solution. Upon annealing, losses are observed in the OH stretch and nitrate peak 

regions. The Al-O-P bond ~1100 cm-1 is stable during the anneal. 

 

Aluminum Oxide Phosphate on Short SAM 

To study the film/SAM interaction, a 2.1 ± 0.1 nm AlPO film was deposited on the 

vinylphosphonic acid monolayer. The data shows that for an AlPO film deposited on the short 

chain SAM, the system experiences chemical changes related to the SAM at temperatures as low 

as 80 °C, when loss is observed in the alkyl -CH region (~2900 cm-1). At the same time, there is 

perturbation in the LO and TO phonon modes for silicon oxide, 1247 cm-1 and 1043 cm-1, 

respectively. The LO mode shows clear increase during the first anneal to 80 °C, while the TO 
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mode is coupled with loss in the nitrate peak at 1033 cm-1 and is not clearly observed until the 

following anneal to 150 °C. For a free vinylphosphonic acid SAM with no film layer on top, the 

onset of chemical degradation begins at a slightly higher temperature range (80 °C to 150 °C). 

This indicates that, despite the interaction between the film and SAM layer, the lower interface 

in the Si/SAM/film stack is not protected against oxidation during exposure to elevated 

temperatures. However, the amount of silicon oxide present at the Si/SAM interface may be less 

than the amount present at the silicon/silicon oxide interface; and so, the interfacial quality 

should still be quantified. Integration of the OH stretch reveals that the films loses 90 ± 2% of its 

water during the anneal, which indicates some enhancement in the dehydration of an AlPO film 

deposited on a two-carbon SAM compared to a film deposited on silicon oxide, which loses 83% 

of the initial water at the same annealing temperature.  

Figure 5.2. Infrared spectrum of the two-carbon SAM with an AlPO film deposited on top. An 

increase in silicon oxide is observed at 80 °C, which indicates that the monolayer degradation 

occurs at lower temperatures for a SAM/film system than previously observed for a free SAM. 
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Aluminum Oxide Phosphate on Long SAM 

An AlPO film was deposited from a 0.25 M solution onto the eleven-carbon SAM 

molecule. For samples prepared for FTIR, wettability posed an issue for the long SAM systems 

during spin casting since the contact angle of the substrate was larger than what is ideal for 

accommodating aqueous solutions. However, only a monolayer of AlPO is required to monitor 

the interfacial interactions between the SAM and film layers. After film deposition, the sample 

was immediately loaded into the annealing chamber. Based on the absorbance in the infrared 

spectrum of AlPO on the SAM referenced to the bare SAM shown by the bottom curve in Figure 

5.3, the film is thicker than a monolayer and is suitable for further testing. Ellipsometry indicates 

the film is not uniform and is 3.9 ± 3 nm thick.  

 

Figure 5.3. Temperature dependent interaction of an AlPO film spin coated onto the 11-carbon 

SAM layer. SAM desorption is observed at 150 °C for this system. 
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The remaining data in Figure 5.3 shows that the system does not experience chemical 

changes related to the SAM until temperatures above 150 °C, when loss is observed in the alkyl -

CH region (2854 cm-1 and 2923 cm-1) and small gains in the LO and TO phonon modes for 

silicon oxide appear at 1247 cm-1 and 1043 cm-1, respectively. For this longer chain SAM 

without a film, the monolayer experiences thermal degradation at slightly higher annealing 

temperatures (250 °C), which indicates that AlPO does not provide protection against desorption 

upon exposure of the long SAM to elevated temperatures. Despite the lack of interfacial 

protection, dehydration enhancement was observed for this system as well. By 450 °C, a total 

loss of 100 ± 7% of the water present in the film was removed. 

Aluminum Oxide Films on Silicon Oxide 

 The aluminum oxide system is of interest in this study because it does not contain 

phosphorus atoms, which may allow more reactivity with the phosphonic acid head groups on 

the self-assembled monolayers. However, before the alumina system can be deposited on the 

SAMs, we must first examine the dehydration of this thin film system on a standard silicon oxide 

surface. This will give us a reference for what bonds are present in the initial film and how they 

are removed as a function of annealing. The infrared spectrum of aluminum oxide referenced to 

the clean silicon oxide surface onto which it was deposited is shown by the bottom curve in 

Figure 5.4. The remaining differential spectra show the alumina film as a function of annealing 

temperature. As the film is heated, we observe the removal of water in the -OH stretch region 

from ~3000-3740 cm-1 and by 450 °C, a total of 88% of the water initially present in the film was 

removed. Nitrate removal is indicated by a loss in the peaks at 1324 cm-1, 1500 cm-1, 1519 cm-1, 

and 1610 cm-1. The Al-O bond is denoted by the peak at 1020 cm-1 which does not change as a 
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function of annealing temperature. These reference spectra are important to determining the 

differences in interfacial interactions and film dehydration for films deposited on the various 

semiconductor surfaces explored in this study as well as surfaces that may be examined in future 

studies. 

  

Figure 5.4. Differential FTIR spectra of 0.25 M alumina thin films. The bottom spectrum shows 

the original film referenced to the silicon/silicon oxide substrate. The remaining spectra show the 

chemical changes that occur in the film as it is incrementally annealed to 450 °C. 

 

Aluminum Oxide on Short SAM 

Aluminum oxide thin films deposited on the short phosphonic acid-terminated SAM 

show signs of interfacial oxidation at 80 °C, observed by an increase in the LO and TO phonon 

modes for silicon oxide. However, SAM desorption for this system does not begin until 350 °C, 

indicating that, although the Si/SAM interface is susceptible to low-temperature oxidation, 
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stabilization of the SAM/film interface may have occurred through a reaction of the phosphorus 

head group with the aluminum atoms present in the film. This is further evidenced by the 

broadening of the peak ~1100 cm-1, which is within the expected range for an Al-O-P bond.117 

SE revealed a uniform alumina film with a thickness value (9.1 ± 0.5 nm) close to what is 

expected for the 0.25 M precursor solution used in this deposition. For this system, a 96% 

removal of water was calculated using the OH stretch area in the FTIR spectra shown in Figure 

5.5. The SE data obtained for this system indicate that hydrophilicity and endgroup-film 

interaction are two important requirements for depositing uniform films with controlled 

thickness. 

The alumina deposited on the short SAM is the only system that meets these 

requirements; therefore, this type of uniformity and control is not observed elsewhere in this 

work. Further optimization of the deposition of thin films on SAMs is required to optimize the 

film thickness as a function of concentration for the other systems as it is observed for films 

deposited on silicon oxide surfaces. However, the interaction and hydrophilicity requirements do 

not appear to play a role in the dehydration enhancement observed when the silicon oxide layer 

is replaced by either self-assembled monolayer system. This is attributed to the SAM layer 

preventing water from diffusing into the interface between the film and substrates and is a 

promising method for improving device functionality through dehydration enhancement. 
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Figure 5.5. FTIR spectrum showing the chemical interaction between the short SAM and an 

alumina film spin coated on top. An Al-O-P bond not present in the alumina on silicon oxide 

reference spectrum indicates chemical interaction between the film and the endgroup of the 

SAM. 

 

Aluminum Oxide on Long SAM 

or alumina deposited on long SAMs, the infrared spectrum of the film referenced to the 

SAM layer shows clear indication for interaction between the film and SAM. The peak at 1130 

cm-1 is not present for alumina films deposited on silicon oxide surfaces and is in the region 

where Al-O-P bonds are expected. Like the observation with the shorter SAM molecule, the 

aluminum atoms in the precursor solution are free to interact with the phosphorus atoms in the 

SAM endgroup as originally predicted for this work. Evidence for SAM desorption occurs at the 

150 °C anneal, where loss is observed in the alkyl modes associated with the SAM chain and 

there are gains in the LO and TO phonon modes for silicon oxide. Nitrate and water removal 
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occur throughout the dehydration by the modes at 1300 cm-1 and 1500 cm-1 and 3300 cm-1, 

respectively. 

Figure 5.6. FTIR spectrum of the long chain SAM with an alumina film on top. The peak at 1130 

cm-1 shows interaction between the SAM and the film via an Al-O-P bond. The onset of SAM 

desorption for this system occurs at 150 °C.  

 

 A summary of observations for each of the four film/SAM systems described in this work 

is shown in Figure 5.7. These observations are important for determining the mechanism for 

interaction in a semiconductor/SAM/film system. Additionally, the summary shows promise for 

dehydration enhancement of thin films deposited on oxide-free substrates, attributed to the 

elimination of diffusion of water into the oxide interface. 
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System 
Contact 
Angle 

Uniform 
film (by 

ellipsometry 
error)? 

Film/SAM 
Interaction? 

Onset of 
SAM 

Desorption 

% OH 
loss 

AlPO on 
short SAM 

40.0 ± 
0.2° 

Yes: 2.1 ± 
0.1 nm 

No 
indication 

80 °C 90 ± 2% 

AlPO on 
long SAM 

72.6 ± 
0.2° 

No: 3.9 ± 
3 nm  

No 
indication 

150 °C 100 ± 7%  

Al2O3 on 
short SAM 

40.0 ± 
0.2° 

Yes: 9.1 ± 
0.5 nm 

Yes. Peak 
broadening 
~1100 cm-1 

*80 °C, 
250 °C 

96 ± 5%  

Al2O3 on 
long SAM 

72.6 ± 
0.2° 

Yes: 2.5 ± 
0.3 nm 

Yes. Distinct 
peak at 

1130 cm-1 

150 °C 95 ± 1%  

 

Figure 5.7. The observations for the interaction between the SAM and film layers are 

summarized for all four systems. Numerical values represent the average of three experiments. 

 

Samples prepared for electrical characterization involved an additional step of preheating 

the Si/SAM substrate for 30 seconds at 150 °C, which greatly improved the wettability of the 

long chain SAMs and allowed for uniform thin film depositions on all substrates. This additional 

step is allowable since the films must be annealed to 500 °C post-deposition to remove the bulk 

of the water prior to electrical testing. 

For MIS device fabrication, samples were placed under vacuum and experienced some 

local, though unintentional, heating during the evaporation of aluminum contacts. This standard 

evaporation step has been said to cause damage to samples, prompting other studies to utilize 

methods such as mercury probe testing to collect electrical data. However, in situ FTIR show 



 

75 

that the Si/SAM/film stack is vacuum and thermally stability under these conditions. Therefore, 

for this type of well-understood system, the uncertainty in the electrode area for the mercury 

probe poses a higher risk to the reliability of the electrical data than does the typical concerns 

regarding sample damage. 

For the four samples in the study, MIS device fabrication has been achieved, but 

preliminary measurements showed all devices were leaky. This is due to the degradation at the 

interface caused by heating of the samples to cure the thin films. Further studies in the 

optimization of the process have shown promise to reduce the amount of water in the film using 

evaporation methods, rather than heating, to protect the Si/SAM interface during device 

fabrication. 

5.4 Conclusions 

Here, we report a study of aqueous-derived thin films on phosphonic acid self-assembled 

monolayers. This investigation uses in situ FTIR and spectroscopic ellipsometry to investigate 

interfacial interactions for systems comprised of a semiconductor substrate with SAM and film 

layers.  

Previous studies revealed that for a free SAM (ie: no film on top) longer chain SAM 

molecules exhibit greater thermal stability. However, this work has shown that for the four 

systems, SAM degradation begins at lower temperatures when there is no interaction between the 

SAM and the film, as in the case of the AlPO system. For AlPO deposited on the short SAM, 

interfacial oxidation was observed at 80 °C, a lower desorption temperature than observed for 

free SAM. For AlPO deposited on the longer SAM, the onset of desorption is at 150 °C, whereas 
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a free SAM is stable up to 250 °C. In the case of alumina, which interacts with the phosphonic 

acid functional group for both chain lengths, the interface has more protection against desorption 

at elevated temperatures. For an alumina film on the short SAM, this end group-film interaction 

is noted by the broadening of the FTIR peak at 1100 cm-1, attributed to Al-O-P. Although the 

Si/SAM interface may experience oxidation as low as 80 °C, the SAM/film interface remains 

stable up to 350 °C. Alumina deposited on the longer SAM shows a distinct Al-O-P peak at 1130 

cm-1 but this large interaction only correlates to protection against interfacial oxidation and SAM 

desorption for temperatures up to 150 °C. 

Future studies will involve more electrical characterization to develop an understanding 

of the interaction between the SAM and films layers. C-V and I-V curve measurements will 

provide a quantitative measure of the integrity of the interface. MIS devices have been 

successfully fabricated for short- and long-chain SAMs with alumina and AlPO solutions. The 

alumina deposited on the long-chain SAM shows the most promise for device characterization 

and the device fabrication for this system will be optimized for further testing. 
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CHAPTER 6 

SUMMARY AND OUTLOOK 

 This work presents a new electronic application for self-assembled monolayers on oxide-

free silicon. It is well known that defects are present at the Si/SiO2 interface, and this issue 

worsens when water is present and able to diffuse into the native oxide layer, as is the case with 

aqueous thin film deposition. To circumvent this issue, we proposed replacing the SiO2 layer 

with a well-defined monolayer which allows for control of the functional group. Specifically, we 

have presented several methods for grafting phosphonic acid-terminated SAMs onto H-

terminated silicon through hydrosilylation. Additionally, these monolayers have been 

characterized by in situ FTIR, ex situ XPS, and contact angle measurements to determine which 

SAM system was most likely to withstand aqueous thin film deposition and post-deposition 

processing. Four Si/SAM/film systems were used for further characterization, using electrical 

measurements to quantify the effects of replacing the native oxide with a SAM. The data shows 

that short molecules exhibit short term stability against oxidation in air (minutes) because they 

suffer from issues with polymerization, despite their initially clean interfaces (no SiO2). 

Molecules with longer alkyl chains are susceptible to interfacial oxidation during thermal 

hydrosilylation but they demonstrate long term stability against further oxidation in air (hours). 

Interfacial oxidation issues were mitigated by using UV-initiated hydrosilylation. 

 The following explorations are proposed for future work: (1) Gas-phase surface 

functionalization, (2) pH range for SAM effectiveness, and (3) in situ FTIR study of SAMs 

exposed to water. 
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(1) Gas phase surface functionalization: Vapor phase-initiated chemical functionalization of 

oxide-free silicon surface for similar studies with aqueous thin film deposition. The issues of 

interfacial oxidation that plague wet chemical functionalization methods can be alleviated by 

grafting molecules in an environment free from residual oxygen molecules. Additionally, vapor 

phase chemical functionalization may allow for grafting more molecules than possible with 

thermal and ultraviolet hydrosilylation alone. These wet chemical functionalization methods 

have proven to be useful in many ways, including the project reported here. However, thermal 

hydrosilylation proved disadvantageous where interfacial oxidation was concerned because a 

pristine interface could not be established. 

(2) pH range for SAM effectiveness: If this technique to replace silicon oxide with a SAM 

layer is to be used as a model interfacial system for aqueous solution deposited thin films, we 

must ensure that the SAM layers are able to accommodate solutions of a wide pH range. The 

solutions used for the studies presented in this work are acidic, but SAM systems should be able 

to accommodate wider pH ranges for more basic solutions. Therefore, we propose an 

experimental FTIR study of the dependence of pH on film/SAM interaction that will allow us to 

tailor the SAM layers as necessary to accommodate a range of solutions. 

(3) in situ FTIR exposure of SAMs to deuterated water: When solutions are spin coated onto 

SAMs the interface is exposed to copious amounts of water. Therefore, it is imperative to 

investigate the chemical changes occurring at the interface. In situ FTIR can reveal interfacial 

oxidation by the LO and TO phonon modes for silicon oxide and any additional reaction with 

water will be easily identified in the OH stretch region from 2500 cm-1-3500 cm-1. This proposal 

is essential because post-deposition XPS is difficult for films thicker than a few nanometers. If 
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XPS is performed on a Si/SAM/film sample, it must be sputtered to analyze the interface. The 

ion sputtering causes irreversible damage to the samples. 

 These studies will give information essential to deriving a mechanistic understanding of 

the interaction at each interface of the semiconductor/SAM/film systems. They will also provide 

insight into the parameters that should be considered if this interfacial replacement is 

extrapolated to other aqueous-derived thin film systems. 
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