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Abstract

The first part of this study details the formation and characterization of
octadecanethiol (ODT) self-assembled monolayers (SAMs) on GaAs (100)
substrates from solution and vapor phases. The liquid-phase-deposited
monolayers were prepared by immersing the substrate in an ethanolic solution,
while vapor-deposited monolayers were prepared by the vapor phase transport of
ODT in an ultrahigh vacuum (UHV) environment. The structural and optical
properties of the resulting SAMs were examined with contact angle (CA)
analysis, photoluminescence (PL) spectroscopy, atomic force microscopy (AFM),
high-resolution x-ray photoelectron spectroscopy (HRXPS), and spectroscopic
ellipsometry. Although well-ordered films were formed by both preparation
routes, PL, AFM, CA analysis, HRXPS, and ellipsometry measurements revealed
that the overall quality, structure, and durability of the monolayers depend on the
deposition technique. Collectively, the results suggested that more robust
monolayers exhibiting greater surface coverage and therefore, increased

passivation and stability characteristics are assembled from vapor phase.

The second part of this work describes the development of a hybrid GaAs-
aptamer biosensor for the label-free detection of analytes. The implemented
sensing strategy relies on the use of functional alkanethiol SAMs as
biorecognition elements as well as the sensitivity of the GaAs PL emission to the
local environment at its surface. Specifically, GaAs substrates were modified with
thiol-derivatized aptamers and exposed to the target biomolecules. The resulting
modification in the PL intensity is attributed to a specific aptamer-target
biorecognition interaction and the accompanying ligand-induced structural change
in the aptamer conformation. Modeling the performance data by means of

Poisson-Boltzmann statistics in combination with the dead layer model indicates a
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good correlation between the structural conformation of the aptamers and the
GaAs PL yield. The results demonstrate the potential of the prospective
luminescence-based GaAs-SAM biosensor in real-time sensing assays requiring a

simple and effective means of direct analytical detection.
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Chapter 1 Introduction

1.1  Outline

The modern field of materials science and engineering has greatly
broadened over the past decades with renewed interest of researchers in the
interactions between molecules and surfaces. One of the most intensively studied
areas of surface science is the spontaneous self-organization of atoms and
molecules on surfaces into highly ordered, two-dimensional arrays [1]. Since the
theme of molecular self-assembly is at the core of numerous naturally occurring
biological, physical, and chemical processes such as in the formation of living
cells, it is not surprising that this phenomenon has attracted considerable attention
[2]. A major driving force behind this research trend involves the development of
novel bottom-up fabrication techniques which have the potential to overcome the
limitations of traditional top-down approaches and revolutionize the emerging
field of nanoscience. The spontaneous self-assembly of active surfactant
molecules adsorbed on various solid substrates has been widely examined in
recent years because of the ability of the resulting films to homogenously modify
the physical and chemical properties of the substrate surfaces. Self-assembled
monolayers (SAMs) are particularly relevant from the perspective of their
significance to a multitude of scientific and technological applications. The ability
to tune the structure and thickness of SAMs at the molecular level has facilitated
the development of ultrathin film coatings as well as optical and electronic

devices [3]. For example, organosulfur monolayers have been found to minimize

1
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friction in microelectromechanical systems (MEMS) and thus provide an
attractive means of lubrication and wear protection [4], [5]. As a result of their
closely packed and stable structure, SAMs are also suitable in corrosion inhibition
[6], adhesion enhancement [7], [8], and as passivating layers [9], [10]. Likewise,
as SAMs can be laterally patterned [11], the films can be used as resist materials
to produce ultra-fine nanopatterns on substrates using nanoimprinting [12],
microcontact printing [13], or other lithographic techniques [14], [15].
Furthermore, the biomimetic and biocompatible properties of these organic
monolayers makes them suitable for chemical and biosensing applications [1],
[16]-[19]. In particular, by controlling the chemical functionalities displayed at
the exposed interface, SAMs can be used as active layers for the attachment of

biorelated molecules in biochemical sensors [20]-[23].

Several different SAM-substrate systems have been investigated since the
concept of a monolayer was first introduced in 1917 by Langmuir, encompassing
a range of substrates and a wide variety of adsorbates [24]. Some of the more
noteworthy chemistries include organosilicon compounds and their derivatives on
hydroxylated surfaces, alkyl monolayers on silicon, fatty carboxylic acids on
metal oxides, and organosulfur adsorbates on metals and semiconductor [1].
However, the most intensely investigated assembly to date has been that of
alkanethiols (CH3(CH2),.;1SH) on Au since the chemisorption of these
hydrocarbon-chained molecules leads to the formation of stable and well-defined
monolayers on the metallic surface. For these reasons considerable progress has
been made in the investigation of SAMs on Au surfaces (see, for example, [25]-
[27]). In comparison, relatively few studies of SAM deposition on compound
semiconductors such as III-V surfaces have been reported ([9], [28]-[31]) despite
the prospective benefits of hybrid organic-semiconductor systems. In particular,
SAMs on III-V semiconductors are promising in the development of innovative
technologies ranging from metal-molecule-semiconductor junctions for memory

applications and nanowire functional networks to novel biosensors [32]-[34]. A
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prominent semiconductor in the III-V family for the synthesis of SAMs i1s GaAs
on account of its unique optical and electronic properties as well as other
important criteria necessary for many of the intended applications outlined above

[35].

To exploit the opportunities that are presented by the unique combination
of organic thin films with III-V materials for a variety of prospective applications,
it is necessary to first prepare and characterize the properties of the SAMs on
these surfaces. Over the years, many thin film characterization techniques have
been developed to analyze the structure and growth dynamics of the
supramolecular assemblies. Likewise, two distinct growth methods have been
employed to deposit monolayers on solid substrates, namely solution deposition

and vapor phase deposition.

The present work investigates the structural and chemical differences
between alkanethiol SAMs deposited from solution and from vapor phase on
GaAs substrates as well as describes the development of a hybrid aptamer-GaAs
optical biosensor. The remaining sections of this chapter provide a concise
historical review of the major achievements in the field of SAMs, provide the
motivation behind the research, describe the fundamental aspects of the self-
assembly process, and illustrate the basic principles behind one of the more
noteworthy applications of these systems, namely, biosensors. In the first half of
Chapter 2, the methods used to prepare the alkanethiol SAMs on GaAs wafers are
discussed in terms of the key growth parameters, experimental conditions, and
required laboratory equipment. The advantages and disadvantages of each
preparation technique are stressed along with the underlying growth mechanisms.
Likewise, the central material constituents needed for the formation of SAMs are
briefly summarized. The second half of the chapter is dedicated to the principal
characterization tools used in the study of the monolayers along with the relevant
instrumental considerations. The pertinent aspects of each analytical method are

examined with the intent to introduce the reader to these experimental techniques,
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and to establish the groundwork for a better understanding of the models and
results discussed in subsequent chapters. Chapter 3 describes the effects of the
preparation route on the structural and chemical properties of alkanethiol SAMs
deposited on GaAs substrates. In particular, the chapter details the formation of
octadecanethiol (ODT) monolayers on the semiconductor surfaces from ethanolic
solution and from vapor phase as well as the analysis of the resultant films using
contact angle (CA) analysis, photoluminescence (PL) spectroscopy, atomic force
microscopy (AFM), and spectroscopic ellipsometry. The experimental results
discussed in the chapter provide insight into the overall quality of the
monomolecular assemblies on GaAs surfaces and describe the specific differences
and similarities between the structural, electronic, and chemical properties of the
SAMs obtained by each deposition method. In addition, the discussion in Chapter
3 illustrates the particular aspects of the monolayers highlighted by each
analytical tool with respect to the sensitivity of each technique to different
features of the film. Chapter 4 is devoted to a supplementary investigation of the
chemical bonding characteristics and stability of the SAMs deposited from vapor
and liquid phases. Specifically, the durability and optoelectronic characteristics of
the resultant ODT monolayers were evaluated over the course of several months
by means of CA analysis and PL spectroscopy. Complementary studies using
spectroscopic ellipsometry and high-resolution x-ray photoelectron spectroscopy
(HRXPS) were conducted to correlate the chemical and structural properties of
the films to the efficacy of the resulting passivation. The fabrication and operation
of a hybrid aptamer-GaAs luminescence biosensor are described in Chapter 5.
The biosensing approach combines a number of useful properties of the thiolated
monolayer-GaAs system discussed in the previous chapters with the high affinity
and biorecognition specificity of single-strand nucleic acid receptors. A
quantitative theoretical model of the stimulated optical response is included. The
results presented in this chapter demonstrate the feasibility of the proposed

biorecognition method in providing a simple and effective means of label-free



PhD Thesis — H. Budz McMaster University — Engineering Physics

identification of specific biological analytes. Chapter 6 concludes this work and
outlines a few of the more fruitful opportunities that remain for future progress in

this interdisciplinary research area.

1.2 Historical Review

Although the study of SAMs has only attracted considerable interest in the
last few decades, the general concept of a monolayer is centuries old. While
Langmuir was credited with performing the first systematic study on the
formation of monolayers on the surface of a liquid with his work on the spreading
of amphiphiles on water [36], monolayers have been prepared at the air-water
interface since the 19th century by Pockels, Rayleigh, Hardy, Deveaux, and others
[37], [38]. In 1935, Blodgett demonstrated that a Langmuir monolayer formed at
the air-water interface could be physically transferred onto a glass surface leading
to the creation of the first Langmuir-Blodgett (LB) film [39]. Although the
procedure underlying the formation of LB films is simple, the monolayers
obtained are thermodynamically unstable on account of the fact that the molecules
are only physisorbed to the solid surface [24]. Consequently, exposure to various
solvents or temperature changes can significantly deteriorate the two-dimensional
structure of the films [24]. Subsequently in 1946, the first seminal paper
documenting the successful chemisorption of a monolayer was published by
Zisman and colleagues who spontaneously formed a SAM from a dilute solution
of long-chain alcohols in hexadecane on a glass support [40]. The wetting
characteristics of the chemisorbed monolayer mimicked those of LB films while
the structural properties exhibited well-defined orientation. Three years later,
Zisman and Shafrin confirmed that ligating chemical interactions between a metal

surface and the headgroup of an adsorbing molecule could produce a closed-
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packed monolayer during their study of SAM formation through the immersion of
a Pt substrate in an aqueous solution of alkyl amines [41]. The hydrophobic nature
and wetting properties of the resulting monolayers were similar to those of films
obtained in nonpolar hexadecane [42]. The realization of well-oriented SAMs
from a polar solvent proved the preferential adsorption of one chemical moiety
over another. Specifically, a preference of ~106 was shown by the amine group
for the Pt surface in comparison to the hydroxyl groups of water [41], [42].
Following the initial experiments, Zisman and coworkers investigated a wide
range of adsorbate-substrate combinations for the formation of SAMs including
long-chain amines, carboxylic acids, and primary amides on metal and metal
oxide surfaces [43], [44]. However, the majority of the developed systems
displayed low energies of adsorption (in the range of 5 to 15 kcal/mol), were
relatively unstable, and only produced low-energy hydrophobic interfaces [42]. It
was not until the preparation of S-terminated SAMs on Au that the field of self-
assembly witnessed tremendous growth. In 1983 Nuzzo and Allara extended the
work of Zisman and first reported the process of self-assembly in alkanethiol-Au
systems with the formation of a monolayer of dialkyl disulfide on a Au surface
[45]. Subsequently, as a result of a number of related studies on the systems, it
was shown that thiols preferentially adsorb on Au forming stable, well-ordered,
and densely packed monolayers for two reasons: first, Au is a reasonably inert
substrate which does not form a stable oxide and thus can withstand
contamination when handled in ambient conditions [46]. Second, Au undergoes
an intense and highly specific interaction with the sulfur headgroup, which
enables the exclusive formation of organosulfur assemblies in the presence of
other chemical species [46]. By employing different organosulfur compounds, it
was later shown that energy of the exposed surface could be varied from high to

low depending on the chain terminus of the adsorbing molecules [42].

Upon further investigation, the adsorption of S-based chemical

functionalities to form two-dimensional monolayers was not restricted to Au as
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extensive studies since the initial work performed by Nuzzo and Allara have
revealed. Numerous types of substrates used to support the SAMs including Ag,
Cu, Ni, Fe, Pt, Hg, Ge, InP, InAs, and GaAs have been explored [1], [38], [47]-
[53]. Although the formation of SAMs on compound semiconductor substrates
has been demonstrated in earlier studies, the surface coverage, stability, and
structural characteristics of the resulting monolayers have not been completely
determined and remain somewhat a matter of controversy. Consequently,
organosulfur SAMs on coinage metals continue to be the most investigated
systems to date. Nevertheless, modification of semiconducting III-V materials
with organothiolate SAMs has captured the interest of several researchers in
recent years, likely stimulated by the potential applications in pioneering
technologies. The majority of current work in this area has focused on the
properties of these systems from a fundamental materials science perspective. In
particular, studies performed in the last few years by McGuiness et al. have
investigated the structural characteristics of solution-deposited n-alkanethiol
monolayers on GaAs (100) for a series of chain lengths (12 < n < 19) with an
attempt to control the organization and packing density of the monomolecular
films [52]-[54]. The group examined the bonding preferences of the monolayers
by means of XPS as well as the electron-hole recombination velocities at the
GaAs surface [53], [54]. While the results revealed an increase in the degree of
organization with the length of the alkyl chains, the data demonstrated only a
weak relationship between the SAMs and the surface electronic states of the
underlying substrate. In contrast, recent work by Dubowski and coworkers
indicates the improved passivation performance of long-chain alkanethiol
monolayers prepared from liquid phase on GaAs substrates [10], [55], [56]. Other
studies by the group have focused on the ordering process of the thiol molecules
on the semiconductor surface during the chemisorption process as well as on the
influence of the SAMs on the chemical stability of the material [57], [58].

Likewise, a recent publication by Jun et al. details the dependence of the
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monolayer thickness on the molecular length of alkanethiols and alkanedithiols,
and investigates the mechanism responsible for the SAM formation on GaAs [28].
The experimental findings presented by the authors show a drastic difference in
the thicknesses of the SAMs deposited on GaAs compared to metallic surfaces
[28].

In addition to understanding the properties of thiolated SAMs on
semiconductor surfaces from a fundamental perspective, current researchers in the
field have been actively involved in the development of a number of applications
based on these material systems. For example, a recent report by Hang et al.
details the surface passivation of InAs nanowire field effect transistors (NWFETs)
with ODT SAMs [59]. The authors describe the fabrication procedure of the
NWFETs as well as the characterization of their electrical transport properties.
The results of the electrical analysis established that the I-V transfer
characteristics and the electron mobility of passivated devices are superior to the
respective values of unpassivated NWFETs [59]. Likewise, Dassa and coworkers
have recently shown the reduction of the base-collector dark current in SAM-
functionalized InP/InGaAs heterojunction bipolar transistors by three orders of
magnitude [51]. Similarly, Lodha et al., in a study of the electrical behavior of
metal/molecule/semiconductor devices in which an alkanethiol monolayer was
incorporated between Au and GaAs, demonstrated strongly coupled molecular

charge transport through the structures to the bulk GaAs layer [60].

Another current area of applied research in the field of hybrid SAM-
semiconductor devices deals with the development of biomolecular detection
systems for a variety of bioanalytical applications. Recent experimental work in
this area has, for the most part, been preliminary in nature and has focused on the
immobilization of the biorecognition elements on the semiconducting platform
[61], [62]. For instance, a recent publication by Ye et al. describes the
immobilization of SAMs consisting of thiol terminated single-stranded DNA on

GaAs [61]. The authors assessed the homogeneity and surface morphology of the
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films by means of AFM and fluorescence methods. The data presented by the
authors indicate the assembly of the DNA into evenly packed, homogenous films,
and thus the feasibility of using different thiolated biomoieties as probes on the
semiconductor surface [61]. A similar study conducted by Dubowski’s group
evaluated the anchoring of avidin on a variety of thiol-GaAs (001) interfaces by
means of PL and fluorescence microscopy measurements [62]. The results of the
study confirm that the highest efficiency of avidin immobilization occurs on a
GaAs surface coated with a loosely packed layer of biotinylated thiol interwoven

with another diluent thiol [62].

1.3 Motivation

While a number of scientific groups are currently examining the properties
of solution-deposited alkanethiol SAMs on III-V surfaces, research on
monolayers prepared from vapor phase has been neglected for the most part.
Although the synthesis of organic monolayers is most readily achieved at the
bench-scale through the use of conventional solution-based techniques, this type
of chemical processing is difficult to execute in industrial manufacturing
situations on account of the sensitivity of the reaction to the environmental
conditions [63]. Consequently, the use of SAMs deposited from liquid phase in
technological applications is often limited due to the quality, reproducibility, and
scalability of the resultant films [63]. For the aforementioned reasons, vapor
phase deposition of organic thin films appears to be an attractive alternative in the
development and manufacturing of novel technologies that rely on the assembly
of high quality coatings. To enable the widespread use of these materials in

commercial applications, there exists a need for modemn systematic studies on the
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characteristics of vapor-deposited alkanethiol SAMs on compound semiconductor
surfaces.

One of the most intriguing applications for which organic SAMs are
particularly well suited is in the design of innovative biosensors that combine the
recognition capabilities of biofunctional membranes with the detection sensitivity
of semiconducting transducers. While Si has been the most commonly utilized
base material for traditional electronic devices, GaAs is an attractive candidate for
high performance technologies for several reasons. First, the direct bandgap
structure of GaAs results in efficient optical absorption and emission, and thus
makes the semiconductor extremely effective in optical and optoelectronic
applications [35]. Second, the larger bandgap of GaAs in comparison to Si (1.4
eV vs. 1.1 eV) yields a much lower intrinsic carrier concentration and a much
higher intrinsic resistivity than those of Si [64]. The combination of these
properties makes GaAs suitable for devices requiring a high degree of isolation
and low parasitics [64]. Third, the significantly higher electron mobility of GaAs
when compared to that of Si (> 6000 cm®/V-s vs. > 1300 cm®/V-s) favors the
high-speed performance of GaAs-based devices over Si-based devices [64]. In
spite of these benefits, a severe hindrance to the mainstream use of GaAs in
established devices is the existence of a large surface state density, which tends to
pin the Fermi level of the material at the midgap. Therefore, in addition to
actively immobilizing the signaling moieties in a well-distributed fashion, the
monolayer must successfully passivate the GaAs surface in order to take full
advantage of its useful properties. Although previous studies on the passivation
efficacy of alkanethiol SAMs on GaAs (100) have been conducted, the results
have been somewhat debatable, especially in terms of the stability of the
treatment. Accordingly, more detailed experimental investigations could provide
insight into the physical basis of the passivation mechanism as well as the reasons
for its success or failure. Moreover, since the majority of recent publications

concerning the use of SAM-GaAs systems for biosensing applications have
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focused on the immobilization of self-assembled probes on the substrate surface,
studies devoted to providing a proof-of-concept of the biosensing capability of

this adsorbate-substrate system are essential.

This work addresses pertinent engineering issues of vapor phase synthesis,
passivation stability, and bioanalytical application of organothiolate SAMs on
GaAs substrates. As outlined earlier, the first part of this thesis examines the
properties of vapor-deposited alkanethiol monolayers and compares them to those
of solution-deposited films. The second part investigates the characteristics and
stability of the passivation provided by the SAMs under industrially relevant
conditions. Finally, the third part of this study details the design and analyte
detection capability of a hybrid SAM-GaAs optical biosensor in an effort to
showcase the potential of these types of devices for revolutionizing the field of

biological sensing.

1.4 Fundamental Principles of Self-Assembly

In general, SAMs are best described as two-dimensional arrays that are
formed on a solid support through the adsorption of an active surfactant [1]. As
the system approaches equilibrium, order in the resultant assemblies is achieved
by a spontaneous chemical reaction at the interface which drives the SAM
synthesis [1]. To initiate this process, the adsorbate with a specific affinity of its
terminus chemisorbs to the substrate surface, as illustrated in Figure 1.1. The
inherent simplicity of the self-assembly technique and the robust nature of the
resulting surface coatings make this method extremely viable in the fabrication of

hierarchical supramolecular structures [38].
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O -+— endgroup

control parameters alkyl chain
(backbone)
-«——— headgroup
--+—— substrate
Figure 1.1: Schematic illustration of SAM formation on a solid surface. The

main components of a SAM molecule are also outlined.

As depicted in Figure 1.1, the adsorbing SAM molecules can be separated
into three distinguishing constituents based on the energetics of each component
with respect to the self-assembly process [38]. The first part, referred to as the
headgroup, is the defining feature of the molecule and is responsible for its
attachment to the substrate. The ensuing intermolecular interaction anchors the
headgroup to a particular site on the solid surface through a strong chemical bond
[38]. The bond energies related to chemisorption are on the order of a few eV
depending on the particular adsorbate-substrate system [38]. For example, the
bonding energies of a thiolate monolayer are in the range of 1.63-2.3 eV on Au
(111), 2.1 eV on GaAs (100), and 2.19 eV on Cu (111) [65]. On account of the
exothermic nature of the chemisorption process, the adsorbing molecules attempt
to occupy every available binding site on the surface, filling in the unoccupied
spaces between the previously absorbed molecules, thus forming a well-defined
domain [38].

The second component of the surfactant molecules is the alkyl chain or
backbone (CyHzn+1). This section of the molecule interacts with the other alkyl
chains as the molecules are brought closer together by means of dispersive van
der Waals forces that have energies on the order of a few tenths of an eV [38].
Although the short-range van der Waals forces are the primary interactions
associated with alkyl chains, polar groups can be incorporated into the chains
giving rise to more substantial long-range electrostatic forces that take precedence

over the elementary van der Waals interactions [38].
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The last molecular constituent of the SAM molecule is the terminal
endgroup. In the case of simple alkanethiols, this moiety is a methyl group (CH3).
At room temperature, these external groups are usually thermally disordered and
energies related to this process are on the order of a few kTs, where k is
Boltzmann’s constant and T is the temperature in kelvins [38]. Since a variety of
different chemically and biologically relevant functionalities can be used to
terminate the alkyl chains (e.g. -OH, -COOH), the endgroup imparts a convenient
flexibility on the SAMs that allows the surface properties of the films to be tuned
to suit various applications. For instance, the endgroup can be selected such that

the monolayer is hydrophilic or hydrophobic [37].

Kinetic studies concerning the preparation of alkanethiol SAMs on III-V
semiconductors from solution have demonstrated that monolayers form in two
distinct steps [28], [37]. The first step involves the absorption of the thiolate
molecules to the substrate surface through a dissociation of the S-H bonds [66],
[67]. It is believed that during this stage the molecules are only physisorbed to the
surface in a disordered state and are stabilized by van der Waals interactions with
the substrate [28], [66]. At an increasing thiolate coverage, the second step of the
growth process starts as the molecules begin to self-assemble into an ordered
array and transition from the lying down physisorbed state to the standing up
chemisorbed state [28], [37]. During this stage, the SAM formation is driven in
part by the van der Waals interactions (and in some instances hydrogen bonds
[49]) occurring between adjacent alkyl chains. From a kinetics perspective, the
time scales on which the two steps take place are very similar with the entire

assembly process lasting over 36 hours on semiconductor surfaces [37].
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1.5 Basic Principles of Biosensing

As discussed earlier, the prospect of modifying a III-V semiconductor
surface with biologically relevant functionalities for the detection of specific
analytes is one of the most stimulating applications of SAMs. However, in order
to fully appreciate the true potential of these systems in the design of state-of-the-
art biosensors, it is instructive to first highlight the fundamental aspects of a

biosensor.

A biosensor is typically described as an integrated self-contained
analytical device that can be used to detect and monitor the presence of a wide
variety of chemical and biological analytes [68]. The detection response is
generated through a combination of two key components: a biorecognition
element that is responsible for sensing the analyte and producing an appropriate
chemical or physical response, and a signal conversion unit or transducer that
subsequently converts the response to a measureable output signal [69]. The
overall scheme necessary for biosensing is illustrated in Figure 1.2 [69]. As
depicted in the diagram, prior to detection, a sampling unit functions to bring the
analyte within the vicinity of the bioreceptors. Subsequently, a biochemical
reaction between the bioreceptors and analyte occurs which creates the
recognition event. Since the bioreceptors are explicitly adapted to react with a
certain analyte, they impart a detection specificity and selectivity on the system
[70]. To obtain the response from the system, external stimulation in the form of
an electrical, optical, or another type of force field is required [69]. With the
application of the external stimulus, the physical or chemical response associated
with the biorecognition is converted to a quantifiable electrical or optical signal
via a transduction mechanism. Examples of some of the more common

transduction mechanisms include electrochemical, optical, mass sensitive, and
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Sampling Biorecognition / Transduction \
-introduces -reaction between | = | -transforms
analyte into receptors and chemical/physical
sensor analyte response into
optical/electrical
* \signal /
(Stimulation
-force field Detection
extracts response
-identification of
K analyte
Figure 1.2: Block diagram of the typical functions involved in biosensing

[Adapted from [69]].

acoustic wave [70]. Finally, the resultant signal is processed by a detection unit,

which includes a suitable scheme for identifying the analyte.

Among the various transduction schemes outlined above, optical
transducers that rely on the use of optical phenomena for the detection and
identification of different analytes offer a number of key advantages. In particular,
these types of sensors exhibit high selectivity and specificity, isolation from
electromagnetic interference, fast response, possibility of substantial
miniaturization, as well as have the inherent ability to be used in remote sensing
applications [69]. Likewise, optical biosensors are capable of taking advantage of
unique biorecognition strategies that allow the devices to be tailored for explicit
laboratory and point-of-care applications. An important subset of optical-based
systems is direct integrated biosensors which possess increased mechanical
stability owing to a reduction in the complexity normally associated with

conventional labeled techniques [71].
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In optical sensing methods, the most commonly used form of stimulation
is electromagnetic radiation in the visible or near-infrared spectrum. With the
physiological or chemical response that occurs as a result of biorecognition, a
change in the amplitude, phase, wavelength, or polarization state is induced in the
input light wave by the transduction process [69]. To improve the selectivity and
sensitivity of recognition, the biorecognition elements are often immobilized on
the surface of the main optical component. Immobilization of the biorecognition
elements in the detection region can be accomplished by physical confinement or
chemical attachment [69]. While physical methods present a simple means of
adsorption, chemical techniques offer specific binding, a defined spatial density
distribution, and the minimization of unintentional desorption. Among the various
chemical immobilization schemes, thiolated coupling SAMs are a convenient way
of providing functionality to biorecognition elements in order to minimize
nonspecific binding and promote label-free detection [70]. As mentioned
previously, the sulfur headgroup of the monolayers shows a high affinity for a
wide range of substrates which facilitates the detection of target analytes in the
absence of a label by utilizing the intrinsic properties of the biomolecules [71].
For these reasons, SAMs can be considered as optimal systems for the formation
of biosensor layers, in which the biomolecules preserve a high functional activity

and are readily accessible by analyte molecules during the assay process [70].
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Chapter 2 SAM Deposition and Characterization

Techniques

The deposition of chemisorbed molecular films on solid substrates can be
achieved by two distinct methods: solution deposition and vapor phase deposition.
While the assembly of monolayers has been most frequently performed by
immersion of the substrate in a dilute surfactant solution, the deposition of
organic thin films from vapor phase presents numerous benefits. In this chapter,
the preparation techniques as applied to the deposition of alkanethiol SAMs on
GaAs are discussed in terms of the main growth parameters, experimental
conditions, and necessary laboratory equipment. The advantages and
disadvantages of each growth method are highlighted along with the fundamental
growth mechanisms. In addition, the key material constituents needed for the
preparation of SAMs are briefly outlined. The specific differences and similarities
between the structural, electronic, and chemical properties of the SAMs obtained
by each deposition method are examined in greater detail in Chapter 3 and
Chapter 4.

Although the focus of the discussion will be limited to the specific case of
alkanethiol-based SAMs on GaAs, the general growth methodology can be
applied to most of the other related molecule-substrate systems that have been
used to form supported monolayers. However, it should be noted that the
structure, packing density, and stability of the resultant films on these surfaces
may differ from those formed on III-Vs due to the specific geometries and

electronic characteristics of the other substrates.
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A broad category of characterization techniques has been applied to the
analysis of organic monolayers ranging from microscopy-based (such as AFM
and scanning tunneling microscopy (STM)) [72], [73] and spectroscopy-based
techniques (such as XPS and spectroscopic ellipsometry) [72], [74], to diffraction-
based techniques (such as grazing incidence x-ray diffraction and low energy
electron diffraction (LEED)) [72]-[74]. As a result of the different spatial
averaging behavior of each method, as well as sensitivity to specific material
properties, a clear picture of the SAM structure can only be acquired by

combining a number of complementary techniques.

The second half of this chapter will focus on the main experimental tools
that were used in the investigation of the SAMs. The aspects of each
characterization technique pertinent to this study will be presented with the intent
to introduce the reader to these analytical methods, and to establish the
groundwork for an enhanced understanding of the models and results presented in
subsequent chapters. For a more rigorous description of each technique the reader

is referred to the relevant technical references provided throughout.

2.1 Substrate Characteristics

Aside from the chemical nature of the substrate, which is often chosen
based on the intended application of the resultant SAM-substrate system, the
crystallographic orientation, electronic characteristics, and quality play an
important role when choosing a substrate for the assembly of organic monolayers.
By selecting a substrate with a specific set of parameters, the properties of the

monolayer films can be fully realized.

For the experiments described within this work, care was taken to select

epiready single-side polished crystalline GaAs substrates with a low defect
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density. The single crystal substrates (2-inches in diameter) were purchased from
Wafer Technology Ltd [75]. As a result of the growth technique and the high
purity of the starting material used by the vendor, the wafers exhibited low

dislocation densities and etch pit densities of less than 2000 cm™ [75].

(100)-oriented GaAs substrates were used exclusively in the study. This
specific crystallographic orientation was chosen for three practical reasons. First,
conventional (100)-oriented surfaces are the most commonly used in device
fabrication due to their ease of cleaving and aptness for good quality epitaxial
growth [76]. Second, atomically smooth (100)-oriented surfaces lack the
structural features (i.e. steps and terraces) present on non-planar high-index
semiconductor surfaces which can complicate the adsorption of impinging
molecules [51]. Finally, (100)-oriented surfaces are more stable and exhibit well-
defined surface reconstructions which can help to simplify the post-growth
characterization of the ensuing structures and improve reproducibility between the
growths [77]. Therefore, in an attempt to conduct a systematic analysis and reduce
the number of experimental variables, only (100)-oriented GaAs substrates were

used in the preparation of the SAM samples.

To maximize the sensitivity of the electronic and optical properties at the
GaAs surface to modification by organic surfactants, undoped semi-insulating
GaAs wafers were used throughout the study, except where otherwise noted. The
use of undoped semiconductors is preferable in experiments where an optical
response is indicative of the efficacy of a passivation treatment as the influence of
the resultant passivation on the optical characteristics is more pronounced for

surfaces with low carrier densities [78].
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2.2 Growth of SAMs

2.2.1 Liquid Phase Deposition

Depositing organic molecules from liquid phase has been the most widely
used means of preparing SAMs on solid surfaces mainly due to the convenience
and low cost of the technique. Despite the aforementioned advantages, solution
growth of SAMs has some serious technological drawbacks, such as the long
timescale of the growth, possible incorporation of organic solvents, and the need
for careful control of the cleanliness of the growth environment. The latter
concern is of particular importance in growth and characterization studies where
the formation of highly ordered SAMs greatly depends on the ability to achieve
clean and reproducible conditions [72]. Consequently, rigorous cleaning
procedures used to ensure the removal of contaminants from the surface of the
substrates and any glassware used in the deposition process are crucial to the
successful growth of ultra-thin organic films, which may be a shortcoming in
smaller laboratories lacking a suitable infrastructure. Another important
consideration in the deposition of SAMs on GaAs and other III-V semiconductors
deals with the removal of the native oxide layer that is present on the surface of
the substrates under ambient conditions. As the native oxide layer is chemically
inert it prevents the adsorption of organic molecules on the surface of the
semiconductors [79]. Therefore, to form alkanethiol monolayers on GaAs, the

chemical inertness of the substrates has to be overcome prior to the film growth.

In the deposition of SAMs from liquid phase as described within this
work, numerous measures were taken to attain a clean environment and
reproducible conditions. One of the first precautious taken was to use only high
purity chemicals and materials. Al of the solvents (acetone, methanol,
isopropanol, chloroform, and anhydrous ethanol) used during the growth process

were HPLC grade and were used as obtained from Sigma-Aldrich [80]. Likewise,
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the ODT (purity: 98+%) was purchased from Sigma-Aldrich [80] and was used
without further purification in the solution deposition process. The ultrapure
deionized water (resistivity > 18 MQ-cm) used during the rinsing steps was

supplied by a Milli-Q purification system manufactured by Millipore [81].

Further elimination of undesirable contaminants from the solution
deposition process was achieved through a variety of elaborate pretreatment
methods that were employed to carefully clean the laboratory equipment and
substrates, as well as to provide a highly reactive surface ideal for anchoring the
thiolated molecules. Prior to the deposition, all of the glassware used to prepare
the monolayers was cleaned in an ultrasonication bath of anhydrous ethanol and
chloroform (1:1 mixture) for 1 hour, followed by exhaustive rinsing with
deionized water, and a final rinse in anhydrous ethanol, before being dried under
streaming nitrogen. Similarly, the first few steps of the solution deposition
procedure (outlined in Figure 2.1) were dedicated to preparing the surface of the
samples. As shown in Figure 2.1, the GaAs samples were first degreased with
consecutive ultrasonication in three organic solvents (acetone, methanol, and
isopropanol) for 15 minutes. To remove residual hydrocarbons and to produce an
oxide-free surface, each sample was exposed to a 20-minute dry UV-ozone
treatment followed by a 2.5-minute wet-chemical etch in 10% buffered HF. The
combination of the UV irradiation with the ozone results in the formation of a thin
oxide layer (approximately 3.5 nm thick [82]) on the semiconductor surface that
traps the organic and non-organic contaminants. By subsequently immersing the
sample in the aqueous HF solution, the UV-ozone created oxide film along with
the incorporated contaminants and native oxide layer are selectively removed

leaving a clean and reactive surface suitable for SAM growth [83].

In an effort to control the cleanliness of the growth environment by
minimizing the exposure of the samples to impurities in the ambient atmosphere,

the HF-etch as well as the subsequent SAM deposition process were carried out in
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Figure 2.1: Flow chart indicating the sequence of processing steps applied to the
GaAs substrates used to deposit SAMs from solution.
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a nitrogen purged Omni-Lab glove-box manufactured by Vacuum Atmospheres
Company [84], with oxygen and moisture levels below 1 part per million.
Performing the growth of the monolayers in an anaerobic chamber helps to
prevent the reoxidation of the freshly etched sample surface, which would

otherwise occur in an air ambient.

The solution-based growth of single component alkanethiol SAMs on
GaAs is affected by a number of growth parameters, such as the aliphatic chain
length, solution concentration, nature of the solvent, growth time, and
temperature. Past studies of this system have shown that the quality of the
monolayers strongly depends on the length of the alkyl chains with films
composed of short-chain thiolates being more disorganized with lower packing
densities and surface coverages [52], [79]. The structural disturbances and defects
found in monolayers composed of shorter hydrocarbon chains can be attributed to
the reduced van der Waals interactions between the adjacent chains due to the
decreased length of the molecules [46]. As the goal of the present work was to
produce pseudo-crystalline monolayers, longer-chain SAMs were used on the
GaAs substrates (ODT specifically).

The ODT monolayers were deposited from a 5 millimolar concentration in
an ethanolic solution. The choice of solvent and concentration of the adsorbate
species were based on a survey of relevant literature, the results of which
indicated that smoother, more ordered and stable films are obtained from dilute
ethanolic solutions as opposed to those from higher thiol concentrations [79],
[85]. The chemical nature of ethanol makes it a preferred solvent for the
formation of alkanethiol-based SAMs for several reasons. First, the short length
of ethanol molecules allows for an increased rate of thiol adsorption at the onset
of the growth. The initial rate of chemisorption has been found to be related to the
length of the solvent molecules used in the growth, with a slower growth rate
observed for longer-chain solvents [86]. The influence of the solvent chain length

on the SAM growth rate is related to the interaction between the solvent and the
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substrate surface, as well as to the mobility of the molecules in the solution [72].
Since solvents with a longer molecular length interact more strongly with the
substrate and have a reduced mobility, they are more difficult to displace from the
sample surface by the adsorbing alkanethiols. Second, the nonpolar terminus of
the alkanethiols limits their solubility in a polar solvent like ethanol, thereby
increasing the likelihood of SAM formation as adsorption of less soluble species
is favored [46], [87]. Third, the geometrical mismatch between ethanol and long-
chain alkanethiols lowers the tendency of solvent incorporation into the final

monolayer structure [46].

The self-assembly of the monolayers from liquid phase was achieved by
incubating the cleaned, freshly etched GaAs substrates in the ODT-ethanol
solution for a period of 48 hours at a temperature of 60°C. Previous time-
dependent spectroscopic investigations of the growth of alkanethiol SAMs on III-
V surfaces have established that deposition times in excess of 36 hours are needed
to achieve dense and well-ordered films [37]. To ensure a high probability of
forming good quality monolayers, an assembly time of 48 hours was selected for
the liquid phase growths. As mentioned previously, the long time scales
associated with SAM formation from dilute solutions account for two distinct
steps of the growth process. The first step involves the initial spontaneous
chemisorption of the thiol headgroup to the surface, and the second deals with the
structural self-alignment of the adsorbed aliphatic chains into a stable,

predominantly all-trans conformation [87].

Due to a lack of comprehensive studies concerning the temperature
dependence of the solution phase process, the temperature of 60°C used during
the SAM growth was chosen based on that reported by other research groups in
the field [29], [56], [58], [62], [79], [88]. Although the deposition temperature
was selected without detailed knowledge of its effects on the characteristics of the

resultant films, limited thermodynamic data available for comparable alkanethiol-
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Au systems indicated only a weak relationship between the temperature and the

rate of self-assembly [87].

For the deposition of high quality monolayers, the purity of the growth
solution is another important parameter as it can have a strong impact on the
growth behavior and film uniformity. Consequently, care must be taken to remove
solid contaminants and moisture from the growth environment, as the presence of
these impurities can affect the formation kinetics by delaying the onset of the self-
assembly process [72]. Since ethanol is hygroscopic, the amount of water in the
thiol solution and surrounding environment has to be carefully controlled during
the deposition process. To mitigate the adverse effects of impurities on the
solution-grown SAMs, high-purity anhydrous ethanol was used as the organic

solvent from which the films were adsorbed.

Another factor that has been found to influence SAM growth is the
oxygen content of the solution, which is believed to hinder the formation of the
films, particularly in the case of growth on III-V semiconductor surfaces that
readily oxidize. Therefore, performing proper deoxygenation procedures to
minimize the amount of dissolved oxygen in the solution is crucial to attaining
densely packed monolayers. To prevent the regrowth of the native oxide layer
during the self-assembly process, the thiol solution was purged with nitrogen for 2
hours (per every 250 mL) to remove the dissolved oxygen before the samples
were introduced. A second precautionary measure taken to maintain the reactive
nature of the substrate surface was the addition of 5% (by volume) ammonium
hydroxide (NH4OH) to the ODT-ethanol solution. Addition of ammonium
hydroxide to the thiol solution has been shown to provide in-situ etching of the
semiconductor surface during the deposition process, thus minimizing reoxidation
of the sample and improving the binding of the ODT molecules to the sample
surface [79].
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Following the SAM deposition, the samples were rinsed with copious
amounts of warm ethanol and were blown dry with nitrogen. The use of a suitable
rinsing procedure following the monolayer growth is critical to the effective

removal of physisorbed molecules from the sample surface.

2.2.2 Vapor Phase Deposition

In addition to the deposition of SAMs from liquid phase, the
functionalization of III-V semiconductors can be accomplished by exposing the
precleaned surfaces to a flux of the impinging molecules in vapor phase. The
deposition of SAMs from vapor phase is an attractive alternative to the traditional
solution-based method for several reasons. First, the preparation of the films in an
ultrahigh vacuum (UHV) environment allows for the in-situ characterization of
the growth kinetics as well as the resultant SAM structure by a variety of surface
science tools [72]. Second, the formation of SAMs from vapor phase permits
better control of the experimental conditions and growth parameters, such as the
cleanliness of the environment and substrate, which, as discussed previously, has
been found to affect the quality of the SAMs [72]. Finally, the assembly of
monolayers from vapor phase eliminates any caustic influence the solvent may
have on the structure and properties of the films due to the competition of the
solvent for binding sites on the surface or through the incorporation of the solvent
into the two-dimensional structures [20]. Nevertheless, vapor phase deposition
has remained a less explored avenue for the growth of SAMs due in part to the

more extensive and costly experimental equipment required for this technique.

Figure 2.2 shows a schematic of the custom-made UHV deposition system
employed in this work to deposit the SAMs from vapor phase directly onto the
GaAs substrates. The UHV system consisted of a growth chamber connected
through a gate valve to a load-lock chamber. The isolated load-lock was

backfilled with nitrogen gas to atmospheric pressure in order to introduce the
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Figure 2.2: Schematic of the custom-made UHV deposition system employed to

deposit the SAMs from gas phase.

samples from ambient into the UHV system. UHV conditions in the load-lock
were achieved by means of a turbomolecular pump backed by a rotary vane
pump. A remote manipulator was used to transfer the samples from the load-lock
into the growth chamber, which was held at a base pressure of 10° Torr using a
separate combination of a turbomolecular pump and rotary vane pump. The
growth chamber was equipped with a Veeco Atom-H atomic hydrogen source
[89] used for in-situ surface cleaning of the samples before depositing the SAMs.
Atomic hydrogen was generated by cracking molecular hydrogen with a tungsten
filament heated to approximately 2100°C. The pressure of the molecular hydrogen
in the chamber was maintained at 5x10”° Torr. During the cleaning process, the
samples were heated to 500°C by means of a substrate holder equipped with a
heater and exposed to atomic hydrogen for 10 minutes. A substrate temperature of
500°C was used in the presence of hydrogen to limit the extent of As desorption
and thus, surface degradation, which often occurs at higher substrate temperatures

commonly used in purely thermal cleaning procedures [90]. To further avoid
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damaging the surface of the samples, the filament was positioned at a distance of
20 cm away and oriented parallel to the surface of the samples. In addition to the
removal of surface contaminants, exposure to atomic hydrogen leads to
desorption of the native oxide layer present at the surface of the GaAs, as
established by real-time mass spectroscopy [91]. Removing the native oxide layer
promotes the successful bonding of the adsorbing ODT molecules to the
semiconductor surface, which would otherwise be hindered by the presence of the

native oxide.

Prior to transferring the samples into the growth chamber, the purity of the
ODT was enhanced by thorough degassing through repeated freeze-pump-thaw
cycles similar to that reported elsewhere [92]. In addition to removing any volatile
impurities, the degassing procedure significantly reduces the amount of dissolved
oxygen in the ODT. Remaining impurities were removed from the thiols by
pumping on the heated thiols (70°C) through the deposition chamber as confirmed

by mass spectroscopy.

After cooling to 60°C, the samples were exposed to the molecular flux of
ODT at the end of a dosing line formed by a stainless steel tube (outer diameter:
Y4 inch) used to connect the exterior ODT reservoir to the deposition chamber.
The substrate temperature was selected to be similar to that used for the solution
deposition process. To prevent condensation of the ODT, the dosing line was
heated moderately to 70°C during the deposition. The temperature of the ODT
reservoir was also maintained at 70°C during the deposition to increase the vapor
pressure of the thiol molecules. A variable leak valve controlled the molecular
flux of ODT at the samples. By monitoring the background pressure of the thiols
in the chamber, the dosing flux at the sample surface could be quantitatively
regulated. The background pressure in the chamber was kept in the range of
5x107® Torr and monitored with mass spectrometry. The total exposure was
controlled through a combination of the flux and the exposure time, which was

limited to two hours.
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From the kinetic theory of gases, the molecular flux at the surface of a

sample can be determined from the following relation [93]

PN
d=—At 2.1
(2aMRT)'"? @D

where P is the gas pressure (in Torr), N4 is Avogadro’s number, M is the molar
mass of the gas, T is the absolute temperature, and R is the gas constant. For ODT
(M = 286.56 g/mol) at a pressure of 5x10° Torr and a temperature of 343 K, the
molecular flux perpendicular to the surface of the sample was ® = 5.61x10"
molecules—cm™s™". When expressed in units typically used in the measurement of
surface exposure to gases, this corresponds to an impingement rate of 5 Ls”,
where 1 Langmuir (L) = 10 Torr-s. Thus, after two hours, the samples were
exposed to 36000 L. The exposure time and gas pressure were chosen to obtain a
high dose of ODT as doses of alkanethiols in excess of 10000 L have been shown
to produce single domain monolayers on III-V surfaces [92]. Following the vapor
deposition of ODT, the samples were thoroughly rinsed with high-purity
anhydrous ethanol to remove any physisorbed molecules from the surface and

were blown dry with nitrogen.

The characterization of the SAM samples, as discussed in Chapter 3 and
Chapter 4, was performed either immediately after the preparation of the
monolayers or within a couple of days. Between measurements, the samples were

stored in an inert nitrogen environment in the aforementioned glove-box.

2.2.3 Biofunctionalization

Apart from the deposition of simple methyl-terminated thiolated SAMs on
GaAs surfaces, research discussed in this study has also been directed towards the
application of these systems in the formation of biological sensors. In this effort,

alkanethiol SAMs were utilized to covalently anchor oligonucleotide sequences to
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GaAs sensor platforms. Details of the sample preparation procedure are provided
in Chapter 5. While the overall biofunctionalization process used is very similar
to that described above for the liquid phase deposition of conventional alkanethiol
monolayers, there are two main differences. First, the treatment steps were
performed in buffered aqueous solutions and second, the GaAs surface
modification was carried out at room temperature. The functionalization reactions
were conducted in an aqueous medium at ambient temperature in order to mimic
biologically relevant conditions in which biomolecules are naturally found, as

well as to ensure their stability throughout the experiment.

2.3 Characterization Techniques

A wide variety of thin film characterization techniques have been applied
to the study of SAMs. Since each technique is typically sensitive to a specific
property of the films, a comprehensive understanding of the monolayers can only

be attained through the use of several complementary techniques.

In this section, a brief overview of the various experimental techniques
employed in this study is provided with emphasis on the different properties of
the SAMs described by each technique. While the important technical parameters
are discussed, more detailed information regarding the analytical surface science
tools can be found in the references given throughout. Likewise, details regarding
the specific application of each characterization technique to the study of SAMs
are provided in Chapter 3 and Chapter 4.
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2.3.1 Contact Angle Goniometry

Valuable insight regarding the surface properties of a particular material
system can be gained from its wettability. Consequently, the measurement and
interpretation of CAs is common practice in the analysis of SAMs as the quality
of the films can be determined from this relatively simple experimental procedure.
[94]

The CA, which forms the basis of wetting phenomena, is defined as the
angle that is formed by a free-standing sessile drop between the liquid-vapor
interface and the liquid-solid interface at the solid-liquid-vapor three-phase
boundary (see Figure 2.3) [74]. As the shape of a liquid drop on a flat,
homogeneous surface is affected by the free energy of the surface, the resultant
CA is directly related to the surface tension of the solid. At equilibrium, the
relationship between the free energy of the surface and the CA can be described
by Young’s equation, which states [74]

Y, €080, =y, =7, 2.2)

where y is interfacial tension, 6. is the equilibrium CA, and the subscripts /v, sv,
and s/ refer to the liquid-vapor, solid-vapor, and solid-liquid interfaces,
respectively. The equilibrium CA arises due to a balance between the cohesive
forces in the liquid drop and the adhesive forces between the solid and the liquid
[95]. Therefore, the degree of interaction between the liquid and the solid
determines the CA. For instance, under ideal conditions, if there is no interaction
the CA will be 180°, as in the case of a hydrophilic liquid on a hydrophobic
surface. On the other hand, if the interaction between both components is
maximized the CA will be 0°, as in the case of a hydrophilic liquid on a
hydrophilic surface. When a polar liquid such as water is used as the probe fluid,
the resultant CA can be used to quantify the hydrophobicity of the surface and

thus, the surface polarity.
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Figure 2.3: Interfacial forces acting at the three-phase boundary for a droplet of
liquid placed on a solid surface. At equilibrium, the droplet assumes
a CA that balances the interfacial forces.

The derivation resulting in Equation (2.2) assumes an ideal surface, which
is smooth, homogeneous, isotropic, and non-deformable [74]. As SAMs rarely
meet all of the above restrictions, the experimentally observed angles are not
uniquely determined by the surface tensions of the given system and are affected
by the inherent characteristics of the surface such as roughness. Thus, the CA that
is measured is not necessarily the true thermodynamic equilibrium CA.
Nevertheless, CA goniometry is frequently used in the characterization of
monolayers as it provides a quick and facile means of gaining qualitative
information about the chemical nature of the coated surfaces, as well as the

packing density of the constituent chains [94].

A useful variant of Young’s equation that applies to heterogeneous
surfaces containing regions of varying surface tensions was proposed by Cassie.
For a surface consisting of two distinct domains, the observed CA (referred to as
the Cassie CA), 0., is described by [74]

cos@,, = f,cosf, + f,cos0,, 2.3)

where f] and f; are the fractional surface areas of the two domains (i.e. f; + 2 = 1),
and 6; and 6, are the intrinsic CAs of each domain. For a two-component

system consisting of a surface coated with a monolayer of alkyl chains, CA
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analysis can probe the quality of the outermost regions of the SAM as the wetting
behavior depends on the near-surface chain-packing density. A closely packed,
oriented monolayer from a methyl-terminated adsorbate will predominately
present methyl groups on the surface, yielding a characteristic value for the
observed water CA [74]. On the other hand, as a monolayer becomes less densely
packed and more disordered, the underlying interface and the methylene groups in

the alkyl chain become more exposed, thus giving rise to a different CA.

CA goniometry was used in the present work to evaluate the
characteristics of the SAMs after preparation. A custom-built goniometer (Figure
2.4) was used to measure the CA of a sessile water droplet at room temperature
and ambient relative humidity immediately after the deposition of the SAMs. A 5
pL drop of high-purity deionized water was dispensed through a computer-
controlled microsyringe terminated with a blunt-ended needle placed on the
surface of the samples. Upon retracting the needle, the drop was allowed to relax
for a period of approximately 30 seconds to reach equilibrium. The static CA of
the droplet was recorded with a digital camera (Moticam 1000) attached to an
optical trinocular microscope (Edmund Industrial Optics). The obtained images
were analyzed manually by aligning a tangent with the drop profile at both points
of contact with the sample surface. Repeated measurements at three different

sample locations indicated a CA precision of + 2°.

2.3.2 Atomic Force Microscopy

The surface morphology of the substrate is vitally important in controlling
the structure of SAMs as the characteristics of the substrate can have a great
impact on the defect density of the films. Similarly, topographical maps of a
functionalized surface can provide quantitative information regarding the
structural features of the material system. Among the profilometry techniques

used to assess surface properties, AFM has gained popularity in imaging surface
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Figure 2.4: Instrumental setup used for measuring the static CAs of water on the
SAM-functionalized surfaces.

topography on account of its simplicity, applicability to the study of wide variety

of materials, and high resolution [96].

The general concept behind AFM involves scanning the surface of the
sample with a sharp cantilever-based stylus. As the probe tip is raster-scanned
across the surface, interatomic forces (van der Waals, electrostatic, and capillary)
between the tip and the surface cause the cantilever to deflect [97]. A three-
dimensional map of the surface topography is produced according to the
magnitude of the cantilever deflection which strongly depends on the distance
between the atoms on the sample surface and those on the tip. Although the AFM
can operate in contact, non-contact, or in tapping mode, deformation of the
monolayer can occur when the tip is brought into continuous contact with the
sample surface [96]. Operation in the non-contact mode prevents SAM damage
but limits the resolution of the measurement in an ambient environment.
Therefore, to obtain images with a molecular resolution while minimizing the
possibility of surface damage, tapping mode imaging is typically used. In this
mode of operation, the cantilever probe is driven near the resonance frequency via

a ceramic piezoelectric oscillator [98]. The topographical data is then compiled
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from the amplitude of the cantilever oscillation, which is maintained at a constant

value by means of a feedback loop that adjusts the tip-to-sample distance [97].

Useful information regarding the roughness profile of a surface can be
extracted from the topographical AFM data. Two of the most frequently quoted
roughness parameters are the arithmetic average roughness (R,) and the root-
mean—square roughness (Rg). R. and Ry are both measures of the vertical

roughness of a surface as given by [99]

1 n
R LN s
‘ ngk' 7 (2.9)
[3-a]
noa 2.5)

where 7 is the total number of acquired data points, z; are the data points that
describe the height of the surface features, and z is the mean height. While R, is a
measure of the average absolute deviation of the surface irregularities from the
mean, Ry describes the standard deviation of the distribution of surface heights
taken from the mean data plane. Since R, represents the statistical nature of the
surface height profile, it is more sensitive to large deviations from the mean when

compared to R, [100].

In this work, the surface morphology and structural characteristics of the
samples were evaluated by AFM over a 1x1 um’ scan area. The AFM
measurements were carried out in air using a Digital Instruments Nanoscope III
[89] in tapping mode. The tetrahedral Si tip used to acquire the images was
manufactured by Olympus (AC160TS) [101]. Before each measurement, the
sample surface was blown with nitrogen to remove any dust particles. AFM scans
were performed prior to treatment as well as following the deposition of the

SAMs. Three different areas were scanned on each sample to account for any
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variability in the surface structure. From the obtained topographical images,
surface roughness parameters were derived. The corresponding uncertainty in the

calculated Rq and R, was =+ 0.02 nm and + 0.03 nm, respectively.

2.3.3 Photoluminescence Spectroscopy

A sensitive, nondestructive technique for analyzing the properties of
semiconductor materials is PL spectroscopy, which deals with photon emission
generated by the spontaneous transition of charge carriers from a photoexcited
electronic state to a lower energy state [102]. In the measurement of a PL
spectrum, optical excitation provided by a pump source is used to create a high
excess concentration of electron-hole pairs in the semiconductor by means of
absorption. As the electron-hole pairs recombine via several radiative
recombination paths involving the band extrema or bound states (excitons,

impurities, or defects), photons of a characteristic energy are emitted [103].

In this study, PL spectroscopy was used to assess the passivation
properties of the SAMs as well as the stability of the films. Additionally, PL
measurements were also conducted to determine the suitability of optical
transduction as a platform for biosensing assays based on functionalized SAM-
GaAs systems. Luminescence spectra were recorded at room temperature using a
custom-built apparatus shown schematically in Figure 2.5. Continuous excitation
was provided by a 10 mW He-Ne laser source operating at 632.8 nm, while
wavelength selection was achieved with a Sciencetech monochromator (model
9050) [104] with a resolution of approximately 1 nm. A Si pin photodiode was
used to detect the sample luminescence. To increase the sensitivity of the
measurement, the laser beam was modulated by a mechanical chopper (200 Hz)
and monitored with a lock-in amplifier. A lens (L1) was used to focus the laser
beam at the sample surface to a spot size of less than 1 mm in diameter. A second

lens (L2) was used to ensure maximum light collection by focusing the PL signal
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Figure 2.5: Schematic of the experimental arrangement used for measuring the
PL spectra (M1/M2: mirror, L1/L2: lens).

on the entrance slit of the monochromator. As the absorption of the laser beam
occurs close to the top of the sample (for 632 nm excitation the absorption depth
in GaAs is approximately 250 nm) [103], the intensity of the resulting PL signal is
strongly controlled by the properties of the surface and hence, is indicative of the
passivation enhancement following treatment, as well as the changes in the local
environment. In order to establish reproducibility between measurements, a
highly doped untreated n-type GaAs sample was used as a reference against
which all PL measurements were compared. The use of a reference standard
strongly minimizes the influence of experimental details on the obtained PL
results. On each sample, PL was collected from three different locations and
averaged to account for any non-uniformity in the surface properties. The typical
variation in peak PL intensity across the surface of each sample was less than

10%.
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2.3.4 Variable Angle Spectroscopic Ellipsometry

Variable angle spectroscopic ellipsometry is a sophisticated, contactless
method applied extensively to monitor surface phenomena as well as to determine
the physical structure and optical properties of a wide variety of materials. This
optical technique is predominately used to deduce the thickness and optical
constants of thin films by measuring the change in polarization that a light beam
incurs upon reflection from the sample surface. As conventional ellipsometry is
inherently nondestructive, it has become a valuable characterization tool in the
analysis of SAMs.

In an ellipsometric measurement, a well-collimated beam of polarized,
monochromatic light interacts with a medium defined by a material-specific

wavelength dependent dielectric function, &(a), or complex refractive index ,‘1( A)

where 7 =+ [105]. During this interaction, a polarization change occurs when
the incident beam reflects from the sample surface at a non-normal angle of
incidence, ¢, as depicted in Figure 2.6. The reason for the observed modification
in the state of the polarization deals with the distinct behavior of the two linear
polarization components that comprise the incident beam; the component parallel
to the plane of incidence (p-polarized) and the component perpendicular to the
plane of incidence (s-polarized) [106]. As a result of the reflection, the amplitude
and phase of the s- and p-polarization components change. At an interface, the
characteristics of the reflected wave can be calculated by employing Fresnel’s
equations for the complex reflection coefficients r; and r,, of the s- and p-polarized

light, respectively, as given by [105]

___lecosgbl—r‘zzcosqb2 . _ o8¢, — mcos¢,
" pcosg +n,cosp, P h,cosg, +h,cosd,

(2.6)

When more than one interface is present, such as in the case of a single

isotropic thin film on a substrate, the resultant reflected wave is composed of an
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Figure 2.6: Schematic diagram of an ellipsometry experiment used to
characterize the SAMs. Polarized light from a laser source is incident
upon the monolayer formed on a substrate. The interaction between
the laser beam and the sample leads to a change in the polarization
state of the reflected light. The detector then analyzes the
polarization state of the reflected light. As depicted in the
illustration, the laser beam is transmitted and reflected at multiple
interfaces during the interaction.

infinite series of partial waves that are reflected and transmitted at the two
interfaces (Figure 2.6). In this case, the phase and amplitude relationships
between the s- and p-polarized components of the reflected and incident beams
are defined by the total reflection coefficients Ry and R,, which are written as
[105]

r.+r e r,_+r e
__ %2 ] R = P2 Px (2 7)
Cl+rr e TP ler r e )
Si2 S Pz Pn
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where r,, and r,, are the complex reflection coefficients at the ambient-film

(12) and film-substrate (23) interfaces from Fresnel’s equations, and B describes

the phase change in the probing light wave as it propagates through the film [105]

d).
B= 2n(z)n2 cos ¢, 2.8)

In Equation 2.8, A is the wavelength of the incident beam and d is the thickness of
the film. For a layered structure consisting of multiple films, an iterative
procedure must be used to determine the total reflection coefficients for the entire
structure by using the relations in Equation 2.7. During this investigation, a matrix
formalism within a regression analysis is often applied to compute the parameters

of interest from an optical multilayer model [107].

The measured response by the ellipsometer is represented in terms of the
ellipsometric angles, A and W, as defined by the complex reflection coefficient

ratio, p, given by the following equation [106]

p =tanWe™ (2.9)

Alternative definitions for the ellipsometric angles are presented in terms of the
relative amplitude and phase relationships between the s- and p-polarizations

following reflection from a film-covered substrate [107]

tan‘P=—p|

R,

(2.10)

A =6rp —67'5 (2'11)

where J, and o, denote the reflection induced phase shift for the s- and p-

polarization states. As suggested by Equations 2.10 and 2.11, ¥ and A reflect the
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differential changes in the amplitude and phase, respectively, of the s- and p-
polarization components upon reflection from the system under investigation.
From the experimental A and W spectra, the optical properties and the thickness of
the films under study can be determined. For a bulk, film-free substrate, the
optical constants can be algebraically solved directly by inverting A and Y.
However, for systems with an increased degree of complexity, such as multilayer
structures, ellipsometric measurements taken under an assortment of different
conditions (such as wavelength and angle of incidence) are required to accurately
resolve the properties of the individual layers [105]. By interpreting experimental
data within the context of a model-based regression analysis, the material
properties of the optical system can be extracted. At the onset of the analysis,
initial estimates for the unknown free parameters are used and the values are
adjusted iteratively as the regression analysis proceeds to increase the model’s
goodness of fit through the use of a merit function. The most commonly used
merit function is the mean-square error which exhibits a minimum value when the
calculated data matches the measured data as defined in terms of the following

relation [105]

i

1L Xy -rEa)
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mean - square error N M 2( o ( )
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where y; represents the measured data values, y(x,a) are calculated data points
(where X and @ contain all the known and variable parameters in the model,
respectively), and o is the standard deviation of the itk data set. In Equation 2.12,
N 1is the total number of data points and M is the total number of adjustable

parameters.

In this work, variable angle spectroscopic ellipsometry was used to
determine the optical properties and the thickness of freshly prepared monolayers.

The experimental data was acquired with a M2000V variable angle spectroscopic
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ellipsometer manufactured by J. A. Woollam Co. [108]. The ellipsometry
measurements were performed over a wide spectral range from 380 nm to 900
nm. To improve the sensitivity of the measurement to the optical properties and
thickness of the film, data was collected at multiple angles of incidence, from 50°
to 70°, increased systematically in 5° increments. The change in the polarization
state of the light upon reflection from the sample surface was measured by means
of a rotating compensator whereas the change in the amplitude was detected by a
charge-coupled device (CCD) array. Combining the rotating compensator
ellipsometry design with CCD detection allowed for the simultaneous
measurement across the entire wavelength range. The fundamental properties of
the SAMs were determined using commercial ellipsometry modeling software
supplied by the manufacturer. To increase the accuracy of the results, the
measurements were performed at three different locations on each sample, and the
calculated parameters were averaged. The details of the parametric models used to

estimate the thickness of films are described in Chapter 3 and Chapter 4.

2.3.5 X-ray Photoelectron Spectroscopy

One of the most popular and versatile surface science tools used to study
the chemical properties of organic ultrathin films on solid supports is XPS [109].
In comparison to other spectroscopic techniques that aim to probe the surface of
materials, XPS is inherently analytical in nature as it provides information on the
elemental composition of the system being studied. Moreover, the high surface
sensitivity of XPS makes it particularly attractive in the investigation of single
monolayers, especially where quantitative information regarding the chemical

state of the constituent elements is required.

The fundamental physical principle behind XPS involves the energy
analysis of electrons emitted from a material due to a beam of soft x-rays

impinging on the surface, as described by the photoelectric effect [110].
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Consequently, a typical experiment begins with the irradiation of the sample with
monoenergetic photons in the x-ray energy range. The important geometrical
parameters in an XPS experiment are shown in Figure 2.7 a). As the x-ray
radiation penetrates into the bulk of the material, it is absorbed by atoms along the
way, which in turn, leads to the ejection of electrons from the near-surface region
of the sample (see Figure 2.7 b)). Photoionized electrons can originate from two
distinct orbitals: a tightly bound core level or a weakly bound valance level. By
analyzing the energy of the emitted electrons, a spectrum of electron intensity as a
function of energy is generated. Since the binding energy of core level electrons
typically allows for the unambiguous identification of the atoms from which they
are emitted, the spectrometer is usually arranged to convert the measured kinetic

energy of the electrons to the binding energy through the following equation [110]

E,=hv-E,-9¢, 2.13)

where Ey is the kinetic energy of the emitted electron, Av is the energy of the x-ray
photon, Ep is the binding energy of the electron relative to a specific reference
point (such as the Fermi level of the sample in electrical contact with the
spectrometer), and ¢y, is the characteristic work function of the spectrometer.
Although the binding energy of core level electrons is usually sufficiently unique
for the purpose of elemental analysis, it is not a fixed quantity and varies
depending on the chemical state of the atom [95], [111]. Hence, chemical shifts in
the core level binding energies of a given element can be used to determine a

change in its local chemical environment.

The surface sensitivity of XPS stems from the low probability that
electrons generated in the bulk of the sample will travel to the surface and escape
with their original energy, thus contributing to the detected signal [110], [112].
Therefore, an important parameter in XPS studies of thin film structures is the
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Figure 2.7: Depiction of a) the key principles involved in a conventional angle-

resolved XPS measurement, and b) the XPS process, showing the
photoionization of an atom by the ejection of an electron. As
illustrated in a), the sampling depth in the monolayer varies as a
function of the electron take-off angle, 0.
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sampling depth, which is defined as the depth from which 95% of the detected

electrons originate, as given by [110]

sampling depth = 3Asin8 2.149)

where A is the electron attenuation length and 8 is the electron take-off angle
measured with respect to the surface plane of the sample, as shown in the
instrumental geometry presented in Figure 2.7 a). Since the sampling depth
depends on the experimental geometry, it can be controlled by varying the take-
off angle, by changing the angle of the analyzer relative to the sample surface.
Performing the XPS measurements as a function of the take-off angle provides a
convenient means of non-destructive depth profiling of the SAMs as it enables an
assessment of the relative vertical distribution of the chemical species that make
up the monolayers. It should be noted that the vertical ordering of the elements
obtained via angle-resolved XPS provides only a qualitative description of the

SAMs due to their inhomogeneous nature with depth.

In this study, XPS measurements were performed using a Kratos Axis
Ultra x-ray photoelectron spectrometer equipped with a monochromatic Al Ka
(1486.71 eV) source and a charge neutralization system. Broad range survey
scans at a pass energy of 160 eV were performed to conduct a preliminary
elemental analysis of the samples. As the intensity of each photoelectron line is
directly proportional to the density of the element from which it derives,
information regarding the relative atomic concentration of each element within

the sampled volume is obtained [112].

High-resolution scans at a pass energy of 20 eV were performed to
analyze the chemical state of each sample in more detail. The bonding chemistry
at the SAM-GaAs interfacial regions was investigated by measuring the shifts in
the core level binding energy of the constituent elements as a result of a variation

in the chemical state. Since a number of different chemical bonding
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configurations were present in each sample, a degree of overlap between the
component core levels existed, thereby adding a degree of complexity to the
analysis of the discrete binding energies and the peak intensities. Even though a
refined non-linear least-squares algorithm was carried out to decompose the peaks
in the collected spectra, a level of uncertainty still exists in the interpretation of
the XPS data.

CasaXPS software [113] was used in the curve fitting of the core level
spectral lines with mixed Gaussian-Lorentzian peak profiles and a Shirley
background. For a quantitative estimation of the surface compositions, the
integrated peak areas were used along with the standard atomic photoionization
cross-sections from the software’s database [113]. In an effort to avoid x-ray
induced damage, the exposure time for each sample was minimized. The binding
energy scale was internally referenced to the well-defined GaAs bulk As 3ds»
peak at a binding energy of 40.95 eV, allowing for the accurate determination of
the other binding energies in the spectra. In the case of the doublet
photoemissions, the features were curve fitted with a pair of peaks with the same
full-width at half-maximum, fixed spin-orbit splitting, and branching ratios of 2:1
(2p32/2p12) and 3:2 (3ds;n/3dsz). To determine the elemental distribution
perpendicular to the SAM-GaAs interfaces, as well as the molecular orientation,
angle-dependent data was collected at photoelectron take-off angles of 30° and
90° measured from the sample surface. Both the survey and high-resolution scans

were carried out across a 300x700 pm? sample area.
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Chapter 3 Properties of ODT SAMs Deposited on
GaAs from Liquid and Vapor Phases

3.1 Introduction

The success of novel hybrid organic-semiconductor devices based on the
two-dimensional self-assembly of organic monolayers depends greatly on the
ability to achieve close-packed layers that exhibit a high degree of lateral order
[114]. In the design of these material structures, two approaches can be taken to
functionalize the semiconductor surfaces. First, the monolayers can be formed on
the solid supports via conventional liquid phase deposition techniques. Second,
the self-organized adsorption of organic molecules can be accomplished from
vapor phase. While both fabrication methods offer a means of surface
modification, each has its own advantages and disadvantages, as discussed in
Chapter 2. More importantly, the preparation of SAMs on semiconductors by
either route may have an impact on the characteristics of the resulting films. Thus,
an understanding of how the structure and material properties of the monolayers

are affected by the deposition process is of practical importance.

In this chapter, the structural and chemical differences between alkanethiol
SAMs deposited from an ethanolic solution and from vapor phase on GaAs
substrates are investigated. ODT SAMs were formed on the semiconductor
surfaces by both preparation routes and the resultant monolayers were analyzed

using AFM, spectroscopic ellipsometry, CA analysis, and PL spectroscopy. The
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experimental results discussed herein provide insight into the overall quality of
the monomolecular assemblies on GaAs surfaces and attempt to answer the
question of whether the properties of the films are indeed influenced by the
deposition technique used to prepare them. In addition, the discussion in this
chapter describes the particular aspects of the monolayers highlighted by each
analytical tool and shows the applicability of each technique to the study of
specific SAM properties. The central results reported in this chapter have been
previously published by the author in [115].

In Chapter 4, a supplementary investigation of the chemical bonding
characteristics and stability of the SAMs deposited from vapor and liquid phases
is provided. The comprehensive results presented in both chapters indicate that
the fabrication method used to functionalize the semiconductor surfaces with
organic monolayers can be used to achieve a desired control of the physical and
chemical properties of the resulting material system. In particular, the results
imply that in the case where stability and optical properties of SAM-GaAs
systems are important, vapor deposition may be the self-assembly technique of

choice in the development of advanced molecular structures and devices.

3.2 Experimental Results

3.2.1 Film Quality After Formation

CA goniometry was used to evaluate the characteristics of the ODT SAMs
after preparation on the GaAs substrates from liquid and vapor phases.
Specifically, CA analysis was used to detect the changes in the wetting properties
on the semiconductor surface resulting from the formation of the organic films, as

well as to probe their near-surface chain-packing density and uniformity. Details
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regarding the protocol used to deposit the monolayers, the materials utilized, and
the measurement methodology are provided in Chapter 2. Briefly, the CA of a 5
pL sessile water droplet was measured under ambient laboratory conditions
immediately after the formation of the SAMs. To establish a reliable reference
level for the purpose of comparison, the CA was measured on an untreated
oxidized semi-insulating GaAs (100) substrate. The reference water CA on a film-
free surface was found to be 67°. Following the SAM deposition, the ODT
monolayers prepared from liquid and vapor phases demonstrated static water CAs
of 100° and 102°, respectively. The increase in the CA reflects a decrease in the
surface free energy upon the adsorption of the thiolates as the contact area with
the water is minimized causing it to bead up on the modified GaAs surface.
Similarly, the formation of a compact droplet on the monolayer signifies an
increase in the hydrophobicity of the surface due to the nonpolar nature of the
methyl endgroups. According to a survey of literature, water CAs in excess of
100° indicate the formation of high quality ODT SAMs on a GaAs surface [6],
[53], [116]. Consequently, the relatively equal values of the measured CAs
suggest a similar structure for monolayers prepared from liquid and vapor phases.
Moreover, the high magnitudes of both CAs are consistent with the existence of
conformationally well-ordered uniform films chemically bonded to the GaAs
surface.

3.2.2 Passivating Properties

An interesting property of organic S-based monolayers on compound III-
V semiconductors is their ability to passivate the surfaces, which is of particular
importance to the successful operation of electronic and optical devices based on
these materials [37]. As used here, passivation refers to the technological process
of reducing the adverse effects of the electronically active defect states in the

presence of operating ambients [64]. PL spectroscopy was used to assess the

49



PhD Thesis — H. Budz McMaster University — Engineering Physics

effectiveness of passivating semiconductor surfaces with solution and vapor-
deposited alkanethiol SAMs. Since the luminescence intensity of GaAs is greatly
influenced by the high density of surface states that act as nonradiative
recombination centers, PL measurements are a suitable means of monitoring the
passivation efficiency of thin film coatings [10]. A detailed description of the PL
system used in the analysis is provided in Chapter 2. Figure 3.1 shows room
temperature PL spectra of ODT monolayers on semi-insulating GaAs prepared
from liquid and vapor phases, as well as that of an untreated and hydrogen-
cleaned GaAs substrate. To minimize the possibility of adverse effects caused by
the exposure of the samples to oxygen and moisture, the spectra were collected
immediately after atomic hydrogen cleaning or deposition of the organic films. As

indicated in the figure, the steady-state peak PL intensity following SAM
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12 A
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10 - SAM

atomic hydrogen
cleaned
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Figure 3.1: Room temperature PL spectra of various GaAs samples: untreated,

after the atomic hydrogen cleaning procedure, with a solution-
deposited ODT SAM, and with a vapor-deposited ODT SAM.
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deposition increased compared to the untreated substrate, regardless of the
method used to prepare the films. The observed enhancement in PL intensity upon
exposure to the thiols is attributed to the formation of sulfur-surface bonds and the
successful passivation of the midgap GaAs surface states typically present on an
oxidized semiconductor surface [117]. Without an adequate means of passivation,
the existence of a vast number of surface states in the vicinity of the fundamental
gap depletes the charge carriers from the near-surface region of the GaAs crystal,
pinning the Fermi level and bending the bulk energy bands [118]. The adsorption
of the thiolate molecules onto the surface satisfies the dangling bonds and
significantly reduces the density of surface states, thereby unpinning the Fermi
level and unbending the bulk bands. The overall passivation effect due to the
monolayer chemisorption results in an increase in the peak PL intensity of the
GaAs owing to radiative recombination processes [10]. Direct comparison of the
luminescence results in Figure 3.1, as well as those from numerous trials, revealed
the magnitude of the PL enhancement induced by the monolayers was, on
average, a factor of two greater for vapor-deposited SAMs when compared to
their solution-deposited analogs. The basis behind this difference in passivation

properties of the monolayers is investigated further in later sections.

An alternative reason for the improved surface passivation observed on the
vapor-deposited SAMs that warrants further investigation is related to the atomic
hydrogen cleaning process used to remove the native oxide layer from the
semiconductor surface. As indicated in Figure 3.1, the PL intensity of the GaAs
substrate increased after cleaning with atomic hydrogen. Three plausible
explanations might be offered for the observed enhancement in PL yield upon
exposure of the semiconductor to atomic hydrogen. The first involves the
deposition of a partial ODT film on the GaAs surface resulting from residual
thiols present in the growth chamber. The existence of thiol species in the
preparation chamber during the atomic hydrogen cleaning process was confirmed

by mass spectrometry, and is thought to result from the liberation of ODT
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molecules condensed on the inner surfaces of the chamber from previous SAM
depositions. A second possible explanation for the increase in PL intensity deals
with the passivation of the GaAs surface and/or near-surface regions by hydrogen
atoms [119], [120]. The final plausible explanation for the increased PL efficiency
relies on a change in the optical properties at the GaAs interface due to surface
roughening [121] that may have occurred as a result of the bombardment with
atomic hydrogen radicals during the cleaning process. The possible influence of
surface roughing on the PL characteristics of the vapor-deposited monolayers is

addressed in the next section.

To probe the origin of the PL enhancement, CA measurements were
performed on a GaAs substrate cleaned with atomic hydrogen. The static water
CA on a hydrogen-cleaned sample was found to be 95°. While this CA was
smaller than that observed on the ODT SAMs (100-102°), it is larger than the CA
measured on the untreated substrate (67°), as well as that reported for presumed
hydrogen-terminated GaAs surfaces, for which the CAs have been found to be in
the range of 70-85° [83]. As suggested by the increased hydrophobicity of the
sample surface, the CA data provides support for the hypothesis that the
enhancement in PL intensity obtained on the hydrogen-cleaned GaAs sample is

due to the formation of a partial ODT monolayer.

3.2.3 Surface Morphology

The surface morphology of the thiol-modified GaAs samples was
characterized by means of AFM under ambient laboratory conditions. Since AFM
is a convenient means of obtaining a high-resolution visual picture of the surface
contours, as well as direct depth information, it can be used to investigate the
structure-property relationships of the films [96]. Moreover, structural analysis of
the GaAs surface was performed by AFM at various stages of the vapor

deposition process in order to deduce if the enhanced change in PL yield
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discussed in the previous section was linked to surface roughening caused by
atomic hydrogen cleaning. The experimental procedures used to acquire the AFM

data are described in Chapter 2.

Figure 3.2 shows AFM images obtained from an untreated GaAs substrate,
a sample exposed to the atomic hydrogen cleaning process, as well as samples
with a vapor- and solution-deposited SAM. Each image in the figure depicts an
area of 1 X1 pm’. The dark depressions on the untreated GaAs substrate are

attributed to small defects on the wafer due to polishing of the surface. The

Figure 3.2: AFM images of GaAs (100) surfaces, a) untreated, b) exposed to the
atomic hydrogen cleaning process, c) with a vapor-deposited ODT
SAM, and d) with a solution-deposited ODT SAM. (x and y axes:
each division corresponds to 0.2 pm, z-axis: each division
corresponds to 2.5 nm).
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images demonstrate that the surface morphology of the ODT films is comparable
to that of a bare substrate as well as to the hydrogen-cleaned sample in terms of
the general physical characteristics. The similarity in the topography between the
bare and SAM-functionalized GaAs surfaces is expected given that the adsorption
of the thiol molecules closely replicates the geometric contours of the underlying
substrate [38], [122]. Furthermore, the topography of the SAM deposited from
solution roughly resembles that prepared from vapor phase as no significant

difference in the local features is observed.

From the AFM analysis, the rms and average roughness parameters were
calculated to quantitatively assess the influence of surface roughness on the
properties of the films. As the roughness of the substrate has a bearing on the final
structure of the SAMs, with rougher surfaces resulting in less homogeneous, more
defect prone films, it is important to determine the quality of the surface on which
the monolayers are deposited [122]. The statistical roughness parameters for the
samples investigated are presented in Table 3.1. As the data clearly shows, the
standard atomic hydrogen surface cleaning procedure does not significantly
roughen the GaAs surface topography. In fact, the surface roughness of the
hydrogen-cleaned sample is comparable to that of an untreated GaAs substrate, as
well as to that of a vapor-deposited ODT SAM. Thus, the observed improvement
in the PL intensity obtained on vapor-deposited SAMs is not a consequence of a
change in the optical properties at the GaAs surface due to surface roughening.
Furthermore, the lower rms and average roughness of the vapor-deposited SAM
in comparison to the solution-deposited monolayer implies the formation of a
more uniform film with less defects using this preparation technique. The
increased surface roughness observed on the solution-deposited SAM can likely
be attributed to the wet-etch oxide removal process, which has previously been

shown to produce a roughened overlayer on the GaAs surface [83].
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Table 3.1: AFM roughness parameters.

rms roughness Average roughness

Sample (nm, £0.02 nm)  (nm, % 0.03 nm)
Untreated GaAs substrate 0.22 0.17
Atomic hydrogen cleaned 0.23 0.18
Vapor-deposited ODT SAM 0.23 0.18
Solution-deposited ODT SAM 0.28 0.23

To further investigate the possible effects of surface roughness caused by
the wet chemical procedure on the quality of the resultant SAMs, the standard
UV-ozone/HF-etch treatment was performed on a GaAs substrate prior to the
vapor deposition of an ODT SAM. Following the preparation treatment, the
sample was immediately loaded into the UHV system, along with an untreated
reference substrate. Both samples were then cleaned with atomic hydrogen and
exposed to a flux of molecular ODT. Upon the completion of the vapor deposition
process, the properties of the monolayers were examined by PL. measurements.
The improvement in PL efficiency obtained for the pretreated sample was closely
comparable to that of the reference sample, indicating that the difference in
surface roughness between solution- and vapor-deposited SAMs alone does not

account for the apparent difference in their passivation properties.

The AFM data in conjunction with the PL measurements indicate that
more densely packed films with better surface coverage are produced from vapor
than from liquid phase and that the atomic hydrogen cleaning process alone is not
responsible for the improved PL. Collectively, the complementary results
presented thus far in this chapter imply that PL spectroscopy is more sensitive to
the quality of the films when compared to CA analysis, which can be used to
indicate the film quality at a more macroscopic level. Thus, PL spectroscopy
reveals the differences in the resulting ODT SAM structures whereas CA

measurements alone are insufficient in distinguishing between the two growth
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methods and cannot serve as the sole characterization method for the

determination of variations in molecular density.

3.2.4 SAM Structure and Surface Coverage

The nature of the SAMs deposited from liquid and vapor phase was
further investigated by ellipsometry measurements. The application of
spectroscopic ellipsometry to the characterization of organic thin films is an
effective approach of establishing the thickness and density distribution of
organized molecular assemblies [74]. Details regarding the instrumentation and
experimental methodology used to acquire the ellipsometric spectra are given in
Chapter 2. To describe the optical properties of the SAM samples, a three-phase
model consisting of abrupt ambient, SAM, and substrate interfaces was used. In
this approach, the organic film was assumed to be compact and homogeneous,
based on the conclusions of a substantial number of previous studies on
alkanethiol monolayers [123]. The index of refraction for the oxide-free semi-
insulating GaAs substrate was obtained by ellipsometry from a freshly HF-etched
sample. In the case of the vapor-deposited ODT SAM, a Cauchy dispersion
function was used to express the variation in the index of refraction of the ODT

monolayer with wavelength, A, given by: [106]

n(A)= A+% (3.1)
where A is expressed in micrometers, and 4 and B are the Cauchy coefficients. A
Cauchy relationship was applied to simulate the film’s optical properties due to
the lack of electronic transitions exhibited by alkanethiols in the measurement
region, as well as to the slow varying nature of » as a function of 4 [74], [124].
The variable Cauchy coefficients were determined by minimizing the mean-

square error with the provided regression analysis software. To increase the
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validity of the model, realistic physical constraints were imposed on parameters
used in the Cauchy dispersion function. For example, the index of refraction of
the ODT was maintained at a real value, as alkanethiols are nonabsorbing in the
wavelength range of interest [124]. More specifically, the magnitude of the
refractive index was permitted to vary in the range of 1.4 to 1.6 on account of the
fact that the index of a crystalline monolayer should fall between 1.49 and 1.55,
while a value of 1.45 is appropriate for bulk alkanethiols [38].

Figure 3.3 shows the experimental and the model-generated ¥ and A
spectra for the vapor-deposited SAM sample. The simulated spectra closely
resemble the measured results, demonstrating the suitability of the chosen three-
phase model. From the iterative fitting procedure, the thickness of the vapor-
deposited SAM was determined to be 21 + 0.4 A, whereas the Cauchy
coefficients were found to be 4 = 1.50 = 0.03 and B = 1.7x10° % 1.7x10° pm?.
The large (100%) uncertainty in the computed Cauchy B coefficient can be
explained by the correlation between the thickness and index of refraction and by
the inherent uniaxial anisotropy of the monolayer [124]. In particular, as a high
quality thiol film is composed of an assembly of anisotropic, uniaxially oriented
alkyl chains, its index of refraction is best described by a combination of separate
components for light polarized parallel and perpendicular to the surface normal.
Consequently, when an ideal SAM is described by a Cauchy layer in the model-
dependent analysis, different 4 and B coefficients are expected for light incident
at different angles since at each angle the refractive index consists of different
relative contributions from its parallel and perpendicular components. While an
anisotropic model would be more suitable in describing the optical response of the
system, the complex spectral analysis involved would require additional
assumptions about the monolayer’s characteristics. Additional information
concerning the interaction of radiation with the thin film would be required in
order to determine the unknown parameters of the model for each angle. Since an

accurate knowledge of the optical properties of the adsorbed monolayer is
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Figure 3.3: Spectra of ellipsometric parameters a) ¥ and b) A of a vapor-
deposited ODT SAM on GaAs for various angles of incidence (thick
grey line: experimental data, thin red line: model fit).

58



PhD Thesis — H. Budz McMaster University — Engineering Physics

unavailable, a basic isotropic model, similar to the one used in this regression
analysis, is often adopted to facilitate the interpretation of the ellipsometric data
[123], [125], [126]. Nevertheless, the results obtained from this simplified
approach are consistent with those adopted in earlier studies [30], [124], [127].
With these limitations in mind, the derived SAM thickness is comparable to the
physical length of the octadecyl thiolate molecule (~24.5 A), suggesting the
existence of a well-ordered monolayer on the GaAs surface consisting of densely

packed alkyl chains tilted at 31 + 2° from the surface normal.

In an attempt to further increase the agreement between the experimental
ellipsometric results and simulated parameters, an ODT/GaAs interface layer was
introduced into the model. The optical properties of the interface layer were set to
a weighted mean of that of the ODT and the GaAs substrate. However, as the
improvement in the goodness of fit was negligible, the interface layer was

removed from the model in lieu of the more general framework presented above.

To account for the apparent difference in quality of the monolayers
formed from solution, the Bruggeman effective medium approximation (BEMA)
[106] was used to describe the properties of the solution-deposited SAM in the
three-phase model. The advantage of an ellipsometry analysis involving a BEMA
scheme is the ability to characterize the volume fractions of different materials in
a composite layer [128]. In this case, the specific BEMA used consisted of two
constituents: the adsorbed ODT molecules (volume fraction = fopr) and a GaAs
oxide (volume fraction = fox = 1- fopr). The thickness of the resulting solution-
deposited film was assumed equal to that of the vapor-deposited SAM, as derived
from the aforementioned model, while the variable parameter was the molecular
packing density of the ODT. Consequently, the effective refractive index of the
monolayer was taken to be a weighted average of the refractive index of the GaAs

oxide and the ODT. In this case, the optical constants of the ODT were described
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by a Cauchy dispersion formula, with the corresponding parameters determined

from the vapor-deposited SAM.

Figure 3.4 shows the experimental and best-fit curves for ¥ and A of a
film assembled from thiol solution on GaAs. The good agreement between the
measured and simulated data implies the film consists of less dense domains of
ODT with inclusions of a GaAs oxide. According to the ellipsometric model, the
volume fraction of the GaAs oxide in the host medium was 30 + 0.4 %. It is
important to note that this oxide fraction is not an absolute quantity but rather is
relative to that of the vapor-deposited SAM, which was assumed to be oxide-free.
This assumption concerning the relative quality of the vapor-deposited monolayer
was necessary to alleviate problems with cross-correlation between the model-fit

parameters in a BEMA framework.

The results of the ellipsometric analysis correspond well to the diminished
enhancement in PL intensity observed on SAMs deposited from liquid phase as
opposed to those from vapor phase. In the case of vapor-deposited monolayers,
the greater surface coverage, provided by a larger number of bonds that were
formed between adsorbed ODT molecules and the GaAs substrate, directly
translates to the improved passivation provided by these SAMs. On the other
hand, the reduced surface coverage observed on the solution-deposited SAMs
reflects a lower percentage of ODT-GaAs surface bonds and suggests the
formation of oxide at the GaAs surface, thus leading to the reduced passivation.
The partial reoxidation of the GaAs surface responsible for the reduced molecular
packing density likely occurred during the solution deposition process or
immediately after the removal of the sample from the solution into the air

ambient.

To test the validity of the ellipsometric analysis, static wetting properties
were calculated from the BEMA model in conjunction with Cassie’s equation and

compared to those measured by CA goniometry. As defined in Chapter 2, the
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Figure 3.4: Spectra of ellipsometric parameters a) ¥ and b) A of a solution-

deposited ODT SAM on GaAs for various angles of incidence (thick
grey line: experimental data, thin red line: model fit).
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influence of the monolayer’s composition on the measured CA can be described
by Cassie’s equation, which relates the CA on a heterogeneous surface, 6.,, to the

areal fractions, f; and f;, of the two constituents: [74]

cosf,, = f,cos8, + f,cosb,, 3.2)

where 84 and Oy are the CAs on the pure films of each component. Substituting
the ellipsometrically derived volume fractions of the ODT and GaAs oxide into
the equation, along with the measured CAs on the vapor-deposited monolayer and
oxidized GaAs substrate, results in an estimated water CA of 92 + 3° on the
solution-deposited SAM. While the predicted CA differs from the experimentally
measured value (100 + 2°), the comparison suggests a tendency of the CA to
decrease with decreasing surface coverage of the ODT SAM. Therefore, the
difference between the measured water CAs on the vapor- and solution-deposited
SAMs (102° versus 100° respectively) could be interpreted to reflect a

statistically significant difference in the packing density of the monolayers.

The apparent discrepancy between the measured CA and that obtained
using the ellipsometrically derived parameters in combination with Cassie’s
equation can be attributed to two factors. First, Cassie’s equation is most
applicable to a heterogeneous surface which consists of macroscopic single-
component domains that act independently [129]. Consequently, it is conceivable
that in the case of the solution-deposited SAM, phase segregation did not occur to
the extent necessary to create discrete, noninteracting islands of GaAs oxide and
ODT large enough to affect the measured CA. Second, the augmented surface
roughness of the solution-deposited SAM is also expected to influence the
experimentally observed CA, increasing the measured value from that predicted
by Cassie’s equation [74]. With the previous considerations in mind, the

comparison between the experimental and predicted CAs seems to substantiate
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the surface coverage results obtained by means of spectroscopic ellipsometry for
the ODT SAM:s.

3.3 Conclusion

The discussion presented in this chapter examined and compared the
properties of ODT monolayers assembled on GaAs substrates from liquid and
vapor phases through a variety of complementary surface science techniques.
While CA analysis indicated the formation of ordered films by both deposition
methods, PL, AFM, and ellipsometry measurements revealed that the overall
quality of the resulting SAMs, as well as the attainable surface coverage, depend
on the preparation method. In particular, the experimental results showed that PL
spectroscopy is more sensitive than CA goniometry in the detection of the
variation in the molecular density of the ODT SAMs. The lower SAM coverage,
larger surface roughness, and reduced passivation observed on samples prepared
from liquid phase could be related to the formation of a partial oxide layer on the
GaAs surface as a result of the deposition process. The existence of a partial oxide
on the substrate surface suggests a randomized surface structure consisting of a
mixture of thiolate molecules and oxide as opposed to a close-packed molecular
assembly. To prevent the reoxidation of the GaAs surface and improve the quality
of the films, ODT SAMs were formed on the semiconductor surface from vapor
phase. A custom-built system was used to attain the desired UHV conditions and
clean deposition environment. The resulting SAM structures were found to have
greater surface coverage and enhanced passivation properties, as confirmed by
ellipsometry and improved PL peak intensity. Additionally, AFM data indicated a
smoother topography for the vapor-deposited films. On the basis of these
findings, in can be concluded that the structural and chemical properties of the
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ODT SAM-GaAs systems are in fact affected by the deposition technique used to
prepare the monolayers. Moreover, these results have clearly demonstrated that
the preparation of organic SAMs on III-V semiconductors from vapor phase holds
promise for a wide range of potential applications that require superior quality

organic films.
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Chapter 4 Passivation of GaAs by ODT SAMs
Deposited from Liquid and Vapor

Phases

4.1 Introduction

The passivation of III-V semiconductor surfaces and in particular, GaAs,
has been the subject of intensive studies in recent years [51], [130]-[134]. The
interest in developing durable passivants is mainly derived from the need to
remove the high density of problematic oxide-related surface states that originate
from the tendency of the semiconductors to oxidize in ambient conditions. Since
the defect states detrimentally affect the electronic and optical properties of the
materials, the role of efficient passivants is critical to enhancing the performance
of III-V based devices [135]. Although numerous passivation methods have been
proposed, ranging from plasma hydrogenation to inorganic sulfidization using wet
and dry chemical treatments, poor reproducibility, contamination, and rapid
degradation under atmospheric conditions have limited the widespread use of
these techniques in the processing and fabrication of devices [120], [130], [136].
Since the degree of passivation has been shown to vary depending on the
treatment used to modify the surface, it is necessary to study the efficacy of the
proposed passivation method in terms of its suitability for an intended device

application. This is of particular importance in the design of an optical PL-based
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hybrid biosensor, since the PL response is dictated by the efficiency of the

passivation.

One of the more promising approaches to GaAs passivation involves the
deposition of organic SAMs on the surface of the semiconductor. The inherent
ability of adsorbed monolayers to modify the physical and chemical properties of
solid surfaces makes them attractive for the effective control of I[I-V
semiconductors. As alluded to in Chapter 3, alkanethiol-based SAMs have proven
to be particularly successful in passivating the electrical activity of unfavorable
GaAs dangling bonds through the formation of a well-ordered array of molecules
chemically bound to the surface [137]. Consequently, this novel passivation
mechanism has demonstrated its relevance as a prospective means of preventing
further chemical modification, while at the same time, maintaining the desired
electronic properties of the underlying surface, especially in the case of nanoscale

device structures for which there is a large surface-to-volume ratio [47].

An important consideration in any surface passivation scheme is the
stability of the passivating coatings when exposed to ambient conditions. The
passivant must inhibit the regrowth of oxide on the semiconductor surface over a
prolonged period of time to be a viable candidate for technological applications
[56], [131]. For SAM-based passivants, a key issue pertains to the precise
longevity of the treatments under atmospheric conditions as controversial results
have been reported for their effectiveness in protecting III-V surfaces against
reoxidation, partly due to the range of experimental conditions used to deposit the
films across different laboratories [29], [30], [53], [58], [138]-[140]. Hence, it has
become increasingly imperative to accurately determine the stability of SAMs
prepared by various methods, as well as to develop a better understanding of the

reasons underlying the discrepancy in the reliability of the ensuing passivation.

In this chapter, ODT SAMs were assembled on GaAs from solution and

from vapor phase and the durability and optoelectronic characteristics of the
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resultant monolayers were evaluated over the course of several months by means
of CA analysis and PL spectroscopy. Complementary studies using spectroscopic
ellipsometry and HRXPS were conducted to correlate the chemical and structural
properties of the films to the efficacy of the resulting passivation. As will be
discussed later in this chapter, the parametric model used in the analysis of the
ellipsometric data expands on the model presented in Chapter 3 and provides a
more detailed interpretation of the structural characteristics of the monolayers.
The majority of the results discussed in this chapter have been previously
published by the author in [141]. Collectively with Chapter 3, the results
presented herein suggest that more robust monolayers exhibiting greater surface
coverage and therefore, increased passivation and stability characteristics, are

assembled from vapor phase.

4.2 Experimental Results

4.2.1 Stability of SAM Passivation

To determine the stability of the passivating films, the PL intensity was
measured after leaving the samples under ambient conditions. A thorough
description of the PL setup used in the measurements is presented in Chapter 2.
Figure 4.1 shows the peak PL intensity as a function of storage time in air for
ODT SAMs on semi-insulating GaAs prepared from liquid and vapor phases, as
well as that of untreated and atomic hydrogen cleaned GaAs substrates. As
indicated in the figure, the PL intensity progressively decreased over the
measurement time for all of the treated samples. The time dependence of the PL
intensity decay for the vapor-deposited SAM and the atomic hydrogen cleaned

sample exhibits temporal characteristics with two different rate components.
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Figure 4.1: Room temperature peak PL intensity as a function of storage time in

air for ODT SAMs on GaAs prepared from liquid and vapor phases,
as well as that of untreated and hydrogenated GaAs substrates. The
PL data was fitted to exponential decay functions with the fitting
results given in Table 4.1.

Specifically, the decrease in the luminescence signal appears to proceed at a faster
rate initially within the first ~100 hours, and then continues at a slower rate with
increased exposure to an ambient environment. To highlight this relationship, the
PL data was fitted using a least-squares fitting routine to a double exponential

decay equation as defined by [142]

PL Intensity = a, + Ale‘”rl +Ae”’ e “.1)

where 7 is the storage time in air, 4; and 4 are positive fit parameters, and 7, and
1, are the fast and slow decay time constants, respectively. As demonstrated by

the results of the fit analysis presented in Table 4.1, the time constant 7; calculated
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Table 4.1: Parameters obtained from the fit analysis of the PL decay
measurements for the SAM-modified and hydrogenated GaAs
samples.

Sample fitti . Parameters calculated from curve-fitting analysis
Curve-fitting equation % 1, 71 (hrs) 4 o (hrs)

Vapor- -t e
deposited O, + AeT T+ A 03T £ 051 £, 00 070 63)x10°
SAM 0.08 0.06 0.07
Atomic

-ty s, 018 = 041 % 0.21 + 2
}clglfegden a,+Ae " +Ae 0.01 0.04 1724 2 (27£09)<10
Hydrogen

e, 0.10 + 028 % ] )
plasma a,+ Ae 0.01 002  17*2
Solution-
deposited a +A2e"'”2 0.15 + - - 0.13 & (1.1 0.3)x10?
SAM o 0.01 0.02

for the luminescence decay of the vapor-deposited SAM closely resembles that of
the atomic hydrogen cleaned sample. As described below, the fast decay (1;) can
be attributed to the hydrogen passivation, while the slower decay (t;) can be
explained by ODT passivation.

In an effort to clarify the role of hydrogen in the observed PL
enhancement and to eliminate the influence of residual ODT in the vapor
deposition chamber, a GaAs substrate was exposed to a hydrogen plasma source
in a clean, ODT-free UHV reactor. The processing conditions of the hydrogen
plasma treatment were set equivalent to those used for the atomic hydrogen
cleaning, in order to achieve an analogous resultant surface. Specifically, the
plasma treatment was performed for 10 minutes at an RF (13.56 MHz) power of
350 W applied in the inductively coupled mode, at a pressure of 2.4x10 Torr,
and a substrate temperature of approximately 500°C. As the data in Figure 4.1
shows, the peak PL intensity measured immediately following the plasma
treatment increased compared to the untreated substrate. The improvement in PL

signal exhibited by the hydrogenated sample is attributed to the passivation of the

69



PhD Thesis — H. Budz McMaster University — Engineering Physics

dangling bonds and/or near-surface lattice defects in the GaAs substrate by
hydrogen atoms. However, with a longer exposure to an ambient atmosphere, the
PL yield of the plasma-treated sample rapidly decayed (within about 48 hours)

and reverted to nearly the same level as that of an untreated substrate.

To quantify the dynamic characteristics of the PL signal, the time-
dependent PL data measured on the hydrogen plasma passivated sample was best

fitted to a single exponential equation as given by

PL Intensity = o, + Ae™"'™ 4.2)

where ¢ is the storage time in air, 4, is a positive fit parameter, and 7; is the decay
time constant. The results of this analysis are summarized in Table 4.1 and
indicate that the partial degree of passivation provided by the hydrogen treatment
alone is not successful in stabilizing the GaAs surface for an extended period of
time. It is important to note that the time scale (r;) over which the PL intensity of
the plasma-processed sample degrades coincides within the limits of experimental
error with the fast decay rates observed on the atomic hydrogen cleaned sample
and the vapor-deposited SAM. The fact that all three of these samples were
submitted to a hydrogen treatment suggests the mechanism responsible for the
initial decline of the PL signal is the same in all three cases and most likely
involves a rapid reduction of the passivation efficacy provided by the hydrogen

atoms with increased exposure to air.

Upon closer examination, the experimental data shown in Figure 4.1
reveals that the SAM-modified samples are more stable when compared to the
hydrogen plasma-treated sample. In particular, the time required for the PL
intensity to decay to 60% of its initial value was 109 hours for the solution-
deposited SAM and only about 16 hours for the plasma-treated sample, even
though the PL signal initially increased by a larger factor following hydrogen

plasma passivation. Clearly, it can be concluded that the relative improvement in
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the luminescence efficiency brought about solely by the introduction of hydrogen
is short-lived, while the enhancement in PL intensity due to the solution-deposited
thiol monolayer, in absence of any hydrogen treatment, is maintained for a longer
duration. The apparent long-term stability of the SAM passivated surfaces is
believed to result from the formation of robust bonds between the sulfur
containing thiols and the GaAs surface, which act as an effective barrier against
oxidation of the underlying surface. In the case of the atomic hydrogen cleaned
sample, the PL decay data revealed an initial fast decay (r;) due to hydrogen
passivation, and a slower decay (z2). The slower decay can be explained by the
deposition of a partial ODT film resulting from residual thiols present in the
deposition chamber. The existence of thiol species in the preparation chamber
during the atomic hydrogen cleaning process was confirmed by mass
spectrometry, and is thought to result from the liberation of ODT molecules
condensed on the inner surfaces of the chamber from previous SAM depositions
[115].

Another important outcome that can be inferred from the luminescence
dynamics deals with the relative stability of the vapor-deposited SAM compared
to its solution-deposited counterpart. As shown in Figure 4.1, the magnitude of
the PL improvement induced by the SAM was a factor of five greater for vapor
deposition when compared to that from solution deposition. After a few hours in
an ambient environment, the decay in the luminescence intensity was more
pronounced for the vapor-deposited SAM than the solution-deposited SAM.
However, with extended ambient exposure time this decay rate decreased
significantly. In contrast, the PL signal measured on the monolayer deposited
from solution decreased at a more gradual rate initially and then reached a steady-
state level after roughly 65 hours in air. This difference in the stability
characteristics between the samples can be explained by the variation in the
processing conditions used during the deposition of the films. In the case of the

vapor-deposited monolayer, the sample was pretreated in atomic hydrogen prior
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to the deposition of the thiol film. Consequently, the ensuing passivation of the
GaAs surface immediately following the vapor deposition is a product of two
distinct passivation methods, namely, hydrogen passivation and ODT SAM
passivation. As shown previously in the case of the hydrogen-plasma treated
sample, the effects of hydrogen passivation dissipate quickly and thus, are likely
responsible for the initial abrupt decrease in the PL intensity of the vapor-
deposited sample. With an extended exposure to ambient conditions, the decay in
PL yield drastically reduced to a value lower than the rate exhibited by the
solution-deposited SAM (see Table 4.1), which suggests that the prolonged
enhancement in PL can be attributed to the passivation of the underlying substrate
by the organic monolayer. Moreover, after four months in air, the final PL
intensity observed on the vapor-deposited SAM was still about a factor of five
greater than the intensity measured on the solution-deposited SAM. On the basis
of this comparison, the PL results indicate that more stable films with better
surface coverage are produced from vapor than from liquid phase and that the

hydrogen cleaning process alone is not responsible for the improved PL intensity.

4.2.2 Stability of Surface Organization

To validate the conclusions regarding the stability of the organic films, CA
analysis was used to detect the changes in wetting properties on the functionalized
semiconductor surfaces brought on by the exposure of the samples to ambient
conditions. A description of the experimental methodology used in the
measurement of the CAs is provided in Chapter 2. The static water CAs measured
on the various GaAs surfaces are summarized in Table 4.2. Immediately after the
SAM deposition, the ODT monolayers prepared from liquid and vapor phases
demonstrated static water CAs of 100° and 104°, respectively. As mentioned in
Chapter 3, water CAs greater than 100° suggest the assembly of high quality ODT
monolayers on GaAs surfaces [6], [53], [116]. Consequently, the measured CAs
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Table 4.2: Static water CAs measured on GaAs following various treatments
and SAM deposition methods. The CAs were measured on @ pewly
treated surfaces as well as ® after being exposed to air for a four
month period.

Sample CA (degrees) (+ 2°)

Initial®  After four months in air®
Untreated 73 -
Hydrogen plasma cleaned 62 75
Atomic hydrogen cleaned 95 82
Solution-deposited SAM 100 85
Vapor-deposited SAM 104 98

suggest a similar initial structure for monolayers prepared from liquid and vapor
phases, consistent with the existence of uniform films chemically bonded to the
GaAs surface. Nevertheless, the small difference between the water CAs on the
two SAMs could be interpreted to reflect a statistically significant difference in
the packing density of the monolayers, as discussed in Chapter 3. While the CA
measured on the atomic hydrogen cleaned sample was smaller than that observed
on the ODT SAMEs, it is larger than the CA measured on the untreated substrate,
as well as that measured on the hydrogen plasma-treated GaAs surface. Thus, the
increased hydrophobicity of the sample surface provides support for the
hypothesis that the enhancement in PL intensity obtained on the atomic hydrogen

cleaned GaAs sample is due in part to the formation of a partial ODT monolayer.

As shown in Table 4.2, the CA of the SAM-modified surfaces decreased
after the samples were stored in air for a period of four months. Since the
magnitude of the CA depends directly on the quality of the SAM monolayer, the
decrease in the CA represents degradation in the film structure with prolonged
exposure to the air ambient. Accordingly, the smaller change in the CA observed
for the vapor-deposited monolayer compared to that synthesized from solution
reflects the superior stability of SAMs prepared under UHV conditions, and is

consistent with the PL findings discussed earlier, which show a more gradual
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degradation in the film deposited from vapor phase over the course of several

months.

4.2.3 Adsorbate-Substrate Bonding Characteristics

To more fully understand the consequences of GaAs passivation by ODT
SAMs, the chemical composition of the monolayers deposited from vapor and
liquid phases was examined by HRXPS. Details regarding the experimental
methods used in the acquisition of the XPS data are given in Chapter 2. Figure 4.2
a) and b) show a comparison of Ga 3d and As 3d core-level spectra, respectively,
for GaAs samples which have been untreated, freshly etched in buffered HF,
exposed to atomic hydrogen, and modified with an ODT monolayer. The
spectrum of the HF-etched GaAs surface was obtained from a sample that was
etched for 2.5 minutes in concentrated (~49%) HF, rinsed in deionized water,
dried in air, and loaded into the vacuum atmosphere of the XPS instrument within
approximately 3 to 5 minutes. Since the etched sample was exposed to the
ambient environment for a minimal duration, it was used as a reference standard
to which the amount of oxide present at the surface of the other samples was
compared. The measured Ga 3d and As 3d spectra were decomposed into several
distinct components, with each fitted self-consistently by a pair of characteristic
doublets. Peak assignments were made to account for contributions from the bulk
Ga and As species, native oxide Ga and As species, elemental Ga and As species,
as well as from specific Ga-S and As-S binding components, where applicable.
The binding energies associated with the core emissions are summarized in Table
4.3. A survey of recent literature shows that the peak assignments are in
agreement with previously reported values [54], [133], [143], [144]. The fitted
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HRXPS spectra of the a) Ga 3d and b) As 3d core levels of GaAs
after various treatments and SAM preparation methods recorded at
a take-off angle of 90°. The spectra have been offset vertically for
clarity and fitted to show the contributions of the component
features.
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Table 4.3: Binding energies of different peaks in the Ga 3d and As 3d spectra
presented in Figure 4.2 and Figure 4.3. For simplicity, only the
energy of the main component in each doublet is reported.

Core Binding energy

level (V) Peak assignment

Ga 3dsp 19.1+0.2 bulk GaAs
20.8+0.1 Ga(OH);
200+03 Ga03
19.8+0.1 Ga,0
18.4+0.2 metallic Ga
19.5+0.2 Ga-S

As 3ds, 40.9 £ 0.1 bulk GaAs
46.2+0.3 As05
444+04 As,O5
41.5+03 elemental As
42.1+0.1 As-S

spectra overlapped nearly perfectly with the measured spectra in Figure 4.2. Due
to the good quality of the fit to the experimental data, some important trends are

deduced from the following analysis.

To accentuate the differences between the various surface treatments, the
signals from the Ga/As oxides, metallic Ga/elemental As, and Ga-S/As-S
components are displayed separately in Figure 4.3. The spectra in Figure 4.3 were
multiplied by a factor of five relative to those in Figure 4.2. As shown in Figure
4.3, the untreated GaAs substrate is heavily oxidized at the surface by a native
oxide layer consisting of a mixture of Ga- and As-related species. After the
etching in HF, the quantity of oxide on the surface was greatly reduced, although
it was not entirely eliminated. The incomplete removal of the native oxide layer is
likely due to the short exposure of the sample to air during its transfer into the
XPS system. Following the deposition of the ODT monolayer from solution, the
amount of oxide stayed virtually the same as that measured on the etched

material. The fact that the level of oxidation remained unchanged suggests
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Figure 4.3: HRXPS spectra of specific a) Ga 3d and b) As 3d core levels of GaAs
after various treatments and SAM preparation methods recorded at
a take-off angle of 90° (grey doublet: Ga/As oxides, white doublet:
metallic Ga/elemental As, black doublet: Ga-S/As-S). The spectra
have been offset vertically for clarity. The signals from the Ga/As
oxides, metallic Ga/elemental As, and Ga-S/As-S components have
been multiplied by a factor of five relative to those shown in Figure
4.2 to accentuate the differences between the curves.
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insufficient etching of the residual oxide by the ammonium hydroxide in the thiol
solution. As the presence of oxide species on the sample surface is believed to
hinder the formation of the monolayer [145], it is likely that the packing density
of the solution-deposited film is less than that of an ideal monolayer formed on an
oxide-free surface. On the other hand, the spectra for the vapor-deposited SAM
presented in Figure 4.3, show a greater contribution from the Ga oxide component
in comparison to that of the HF-etched sample, as well as the total elimination of
the As oxide component. Since similar results were obtained for the atomic
hydrogen cleaned sample, it is believed that the selective removal of the As oxide
species is associated with the exposure of the GaAs surface to atomic hydrogen.
Hydrogenation of a GaAs substrate causes a reaction between the incident
hydrogen atoms and the native oxide, which leads to a reduction in the
concentration of more volatile As species and results in regions of Ga oxide,
specifically Ga,Os, on the surface [146], [147]. The fact that the Ga oxides tend to
remain partially intact following hydrogenation is considered to play a role in
preserving the effects of hydrogen passivation [119], [120]. Consequently, as the
XPS data indicates, the atomic hydrogen pretreatment was not effective in fully
reducing the oxides of Ga, presumably due to the processing conditions used
during the treatment, such as substrate temperature and/or insufficient hydrogen
dose, which may not have been adequate to completely desorb the Ga,O3; [148].
The existence of a non-negligible amount of Ga oxide on the hydrogenated
samples suggests that the atomic hydrogen cleaning process can be further
optimized to promote the full removal of Ga-like oxides, potentially increasing
the coverage of SAMs subsequently deposited on the pretreated surfaces.
Alternatively, the Ga-oxide in the spectra of the hydrogen-treated samples can be
explained by the short exposure of the samples to the ambient during their transfer
into the XPS system. When the GaAs surface is exposed to atomic hydrogen at an
elevated temperature, the selective depletion of As-related species occurs, which

leads to the production of a Ga-rich overlayer on the resultant surface, as
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discussed below. Consequently, the Ga-oxide could have in fact been reduced as a
result of the hydrogen treatment and simply reformed rapidly on the ODT-free Ga
enriched areas during the short exposure of the samples to air. A method of
controlling and monitoring the atomic hydrogen cleaning process involves the
introduction of an in-situ characterization technique, such as LEED or Auger
electron spectroscopy, during the treatment in order to define the optimal
conditions for the cleaning process, as well as to determine the end-point of the

oxide removal [90].

Another interesting feature in Figure 4.3 is the appearance of a peak at
18.4 eV in the HRXPS spectra of the hydrogenated samples that can be assigned
to elemental Ga generated by the selective depletion of As from the substrates
during the hydrogen treatment [119], [148]. Along with the existence of a metallic
component, the Ga spectra of the hydrogen-cleaned sample and that of the vapor-
deposited SAM reveal a small peak at an energy of 19.5 V. As this peak was not
observed in the spectra of the untreated substrate and the HF-etched sample, it
was attributed to the formation of Ga-S bonds on the GaAs surface. This value for
the binding energy of Ga-S is in accordance with that previously observed for
sulfides on GaAs [133]. The presence of Ga-S bonds in the spectrum of the
hydrogen-cleaned sample confirms the formation of a partial ODT film on the
sample surface, as speculated above and in Chapter 3. In contrast to the Ga
spectra, the As spectra of the hydrogen pretreated samples do not indicate the
existence of an As-S binding component. The dominant contribution from the Ga-
S bonding and the absence of As-S bonding from the spectrum of the vapor-
deposited SAM is expected when the stoichiometry of the surface prior to the film
growth is considered. As mentioned previously, the hydrogen-cleaned GaAs
surface is depleted of As as a result of the cleaning process and thus, is Ga
enriched. Since the deposition of the SAM from vapor phase immediately follows
the hydrogen treatment, it is not surprising that the majority of the chemical bonds
at the SAM-GaAs interface are Ga-S in nature due to the lack of available As
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bonding sites on the cleaned surface. Conversely, the Ga 3d and As 3d spectra of
the solution-deposited SAM shown in Figure 4.3 indicate a relatively equal
quantity of Ga-S and As-S bonds following ODT modification. This result is also
anticipated as previous reports indicate that the chemical etching of GaAs in a
dilute HF solution produces a nearly stoichiometric surface termination with a
slight excess of As atoms [149]. It should be noted that the HF-etched sample
used in the XPS analysis was produced by etching a GaAs substrate in a solution
five times more concentrated than that used to clean the sample prior to
depositing the SAM from liquid phase. Since the As enrichment on the resultant
surface is proportional to the concentration of HF [150], the etched surface in
Figure 4.3 is expected to be significantly more As-rich than that used in the
solution deposition of the ODT film, which should reflect a more stoichiometric
surface composition. Therefore, the XPS data seems to suggest that S-based
chemical bonds between the thiolate molecules and the GaAs surface occur at
both Ga and As adsorption sites, with the relative abundance of each bonding
configuration strongly dependent on the surface composition achieved by the
cleaning method used prior to the deposition of the SAM [151]. Moreover, since
Ga-S bonds have been reported to be stronger than As-S bonds, the fact that Ga-S
bonds are more prevalent in the monolayer deposited from vapor phase is
consistent with the increased durability of the SAM, as evident in the PL and CA
measurements [66], [133], [152].

A comparison of the C 1s and O 1s spectra of the analyzed samples is
given in Figure 4.4. After etching in the HF solution, the C 1s spectrum of the
GaAs substrate shows the presence of carbon contamination as defined by the
existence of the main hydrocarbon-related peak at a binding energy of 285.0 eV,
as well as the formation of a higher energy tail which can be attributed to oxidized
carbon species in the form of CO and CO; at about 286.5 eV and 289.1 ¢V,
respectively [153]. Contamination of the freshly etched surface by adventitious
carbon probably occurred during the transfer of the sample into the XPS
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Figure 4.4: HRXPS spectra of the a) C 1s and b) O 1s core levels of GaAs after
various treatments and SAM preparation methods recorded at a
take-off angle of 90°. The spectra have been offset vertically for
clarity.

apparatus. On the other hand, the C 1s spectra of the atomic hydrogen cleaned
sample as well as those of the SAM-modified samples show a complete absence
of oxidized carbon and the distinct presence of a single sharp peak at a binding

energy of approximately 284.7 eV, which agrees well with the binding energy
reported for C-C/C-H bonds in the backbone of ODT SAMs on GaAs [29], [58].
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The lower intensity of the C 1s emission for the hydrogen-cleaned sample
when compared to that for the ODT-treated samples signifies the existence of a
partial ODT film with a lower surface coverage. In addition, the C 1s peaks of the
hydrogen-cleaned and solution-deposited SAM samples are slightly shifted to a
lower binding energy with respect to that of the vapor-deposited SAM, which
suggests that the carbon atoms exist in an alternate chemical state and likely
reflects a more disordered structure for the thiolate molecules on the surfaces of
these samples. Moreover, the larger intensity of the C 1s peak observed on the
solution-deposited SAM when compared to that of the vapor-deposited SAM may
be interpreted in terms of a difference in the tilt angle of the alkyl chains
comprising both monolayers. The larger intensity of the C 1s line on the SAM
prepared from solution can reflect a thicker monolayer structure and thus, a
smaller tilt of the alkyl chains from the surface normal. In contrast, the smaller
intensity of the C 1s signal on the vapor-deposited SAM suggests a more canted,
thinner film structure with a larger angle between the chain axis and the surface
normal. The presumed difference in the orientation of the monolayers relative to

the sample surface was verified by spectroscopic ellipsometry as discussed later.

The O 1s spectra shown in Figure 4.4 provide further support for the
conclusions deduced from the respective Ga 3d, As 3d, and C 1s spectra. In
particular, the O 1s data clearly shows that the amount of surface oxide is
significantly diminished following SAM modification and atomic hydrogen
cleaning when compared to the level obtained after etching in HF, as well as to
the initial level on the untreated GaAs substrate. As this data is consistent with
minimal levels of Ga- and As-related oxides in the Ga 3d and As 3d spectra of the
SAM-passivated samples, it provides evidence for the previous statement
concerning the ability of the films to act as effective barriers against oxidation of
the underlying surface. It is interesting to note in Figure 4.4 that in addition to the

main oxygen component, the spectrum of the HF-treated sample shows the
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existence of hydroxyl groups on the etched GaAs surface, as indicated by the
presence of the higher binding energy component at about 533.3 eV [154].

The larger intensity of the O 1s core peak for the hydrogen-cleaned sample
when compared to that from the SAM-modified samples coincides with the
formation of an island-like ODT coating. Likewise, the slightly larger intensity of
the O 1s signal for the vapor-deposited SAM than for the solution-deposited
monolayer correlates well with the aforementioned assumption regarding the

difference in the tilt angle of the monolayers.

In addition to investigating chemical bonding of the SAMs in the Ga 3d
and As 3d energy regions, the adsorption of the thiols to the GaAs substrates was
evaluated by examining the S 2p energy region. Figure 4.5 shows the XPS spectra
of the SAM-modified surfaces as well as that of the hydrogen-cleaned sample in
the vicinity of the S 2p core level. To enhance surface sensitivity of the
measurement, an additional set of spectra was acquired at a take-off angle of 30°,
measured between the sample surface plane and the entrance to the detector. To
distinguish the relative contributions of the main components, the spectra were
deconvolved into two main constituents representing signals from the Ga 3s and S
2p levels. Due to limitations in the energy range surveyed, contributions from the
As plasmons were not included in the fitting routine. Since the shift in energy
between the Ga 3s and S 2p levels is small (~3 eV) there exists a degree of
overlap between the peaks which makes the analysis less straightforward.
Nevertheless, the appearance of a small doublet at a binding energy of
approximately 162 eV is clearly evident in Figure 4.5, consistent with previously
reported values for the S 2ps;; and S 2ps» components on GaAs [28], [54].
Insufficient resolution and signal-to-noise characteristics of the XPS system
prevented unambiguous decomposition of the core peaks into specific Ga-S and

As-S chemical states. The aforementioned instrumental limitations
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Figure 4.5: HRXPS spectra of the S 2p region for the SAM-modified and
hydrogen-cleaned GaAs samples recorded at take-off angles of a) 90°
and b) 30°. The spectra have been offset vertically for clarity (TOA:
take-off angle) (white peak: Ga 3s, black doublet: S 2p).

notwithstanding, the existence of the S 2p features in the spectra of the ODT-
treated samples confirms the formation of direct thiolate bonds with the GaAs
surface, as exhibited in the respective Ga 3d and As 3d spectra. Furthermore, the
observation of the S 2p peaks in the spectrum of the hydrogen-cleaned sample
further substantiates the conclusion that the residual thiols present in the UHV
chamber chemically bond to the freshly cleaned substrate.

The nature of the thiolate-GaAs bonds was assessed to a greater extent by
reducing the take-off angle of the XPS measurement to 30°. By decreasing the
take-off angle of the photoelectrons, the surface sensitivity of the XPS
measurement can be increased. As the line-shapes and position of the peaks
remained similar to that obtained at the 90° take-off angle, for the sake of brevity,
only the spectra in the S 2p region are shown in Figure 4.5 for the hydrogen-
cleaned and SAM passivated samples. As expected, the intensity of the S 2p and
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Ga 3s peaks decreased concomitantly with the relative decrease in the sampling
depth. However, the contribution of S-related features to the overall spectra
increased relative to the bulk Ga component, demonstrating that the sulfur

headgroups lie closer to the surface immediately above the GaAs interface.

From the integrated intensities of the S 2p, C 1s, and O 1s peaks, the C/S
and C/O ratios were derived for each sample and are summarized in Table 4.4.
The area intensity ratios were calculated using the appropriate sensitivity factors,
assuming that the C 1s and O 1s signals originated entirely from the organic film
and oxide regions, respectively. Due to the ambiguity in the curve fitting of the
sulfur species along with lateral inhomogeneities of the SAM films, the derived
ratios indicate qualitative trends in the depth profile of the surface region and do
not provide quantitative information regarding film properties, such as the
thickness. Nonetheless, an estimate of the elemental distribution perpendicular to
the sample surface can be obtained and provides the basis for a useful model of
the molecular architecture. As shown in Table 4.4, the ratio of C/S increased with
a reduction of the take-off angle. The attenuation of the S 2p signal can be
attributed to the inelastic scattering of the photoelectrons by alkyl chains that are

Table 4.4: Ratios of elements calculated from the integral intensities of the main
peaks in the respective angle-dependent XPS spectra.

Sample Ratio of M
elements =——————=———7—
90° 30°
. C/S 6.5 9.0
Atomic hyd leaned
omic hydrogen cleane c/o 1.4 3.0
C/S 6.8 12.1
lution- i
Solution-deposited SAM /O 3.2 52
crs 54 83
Vapor-deposited SAM
C/O 1.6 33
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oriented away from the GaAs-bound sulfur headgroup toward the surface. As
compared to the solution-deposited SAM, the smaller change in the C/S ratio
observed on the vapor-deposited SAM and the hydrogen-cleaned substrate
implies a larger inclination of the thiolate molecules on the surfaces of these
samples. Similarly, at the lower take-off angle, the C/O ratio for each of the
samples increased, indicating that, on average, the oxygen atoms lie closer to the
GaAs interface than the carbon atoms. These results correlate with the
corresponding Ga 3d and As 3d spectra and suggest that despite the pretreatments
(e.g. HF-etching or exposure to atomic hydrogen) used to remove the native oxide
prior to the deposition of the monolayers, regions of oxide remained on the GaAs
surface, which may have perturbed the subsequent anchoring of the thiols. The
fact that the presence of residual oxides was observed on films formed from both
liquid and vapor phases indicates that the preparation methods used before either
deposition technique require further optimization, which may improve the overall

quality of the resultant SAM:s.

4.2.4 SAM Structure and Surface Coverage

The properties of the monolayers deposited from liquid and vapor phase
were further investigated by ellipsometry measurements (the experimental details
of the measurements are provided in Chapter 2). To describe the optical properties
of the vapor-deposited SAM, a four-phase (ambient/SAM/interface/substrate)
model was used based on the surface chemistry deduced from the XPS analysis
presented above. Due to the additional insight into the properties of the films
afforded by the XPS investigation, the current ellipsometric model is an
improvement to the three-phase model discussed in Chapter 3. A porous GaAs
interface layer was included in the analysis to represent the hydrogen-induced
changes in the optical properties of the surface as a result of the cleaning process.

The interface layer accounts for the interaction of atomic hydrogen with the near-
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surface regions by means of structural incorporation, surface roughening, defect
passivation, and modification of the surface geometry [148], [155], [156]. For
layers composed of more than one constituent, the Bruggeman effective medium
approximation (BEMA) was used to model the optical properties of the composite
layer. The optical constants for the oxide-free semi-insulating GaAs substrate
were obtained by ellipsometry from a freshly HF-etched sample. A Cauchy
dispersion function was used to describe the wavelength-dependent index of
refraction of the thiols, with the appropriate coefficients obtained from previous
work [115]. The fitting parameters in each model were determined by minimizing
the mean-square error with the provided regression analysis software. Realistic
physical constraints were imposed on parameters to further increase the validity
of the models. For example, the index of refraction of the ODT was maintained at
a real value, as alkanethiols are nonabsorbing in the wavelength range of interest

[124].

Figure 4.6 shows the experimental and the model-generated A and ¥
spectra for the vapor-deposited SAM sample. A schematic of the corresponding
model used to fit the measured spectra is also presented in the figure, along with
the respective best-fit layer thicknesses and compositions. As is evident in Figure
4.6, the simulated spectra closely resemble the measured results, demonstrating
the suitability of the chosen model as proposed by the XPS analysis. To further
emphasize the goodness of the fit, the difference between the experimental and
the simulated spectra is reported in Figure 4.7. The observed scatter in the data
with the angle of incidence reflects the inherent uniaxial anisotropy of the
monolayer as discussed in Chapter 3 [115]. The results of the iterative fitting
procedure indicate the presence of a SAM deposited from vapor phase with a
thickness of 19.9 £ 0.2 A and an oxide fraction of 8 + 2 %. In addition, the best-fit
model suggests that the monolayer is formed on a clean GaAs surface covered by
a 106 + 5 A thick density-deficient-layer, simulated by a mixture of 98.5 £ 0.1 %

GaAs and 1.5 £ 0.1 % voids. The existence of a small amount of oxide in the
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Figure 4.6:
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Spectra of ellipsometric parameters a) Aand c¢) ¥ of a vapor-
deposited ODT SAM on GaAs for various angles of incidence (thick
grey line: experimental data, thin red line: model fit). In b) the best-
fit BEMA model to the corresponding spectra is shown.
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Figure 4.7:
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parameters a) A and b) ¥ of a vapor-deposited ODT SAM on GaAs
for various angles of incidence. For clarity, the spectra at angles of
incidence of 55° and 65° have been excluded.

multilayer model is in reasonable accord with the compositional data obtained

from the XPS measurements. The presence of a porous interface layer correlates

well with the expected interaction of atomic hydrogen with the GaAs substrate
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during the oxide removal process. Furthermore, it describes the modification of
the optical properties at the surface evoked by the preferential reaction of
hydrogen with As and oxygen atoms, which leaves the surface non-stoichiometric
and less dense [157]. The ready penetration of GaAs by atomic hydrogen
accounts for the augmented thickness of the intermixed phase, as well as for
surface roughening that may occur as a result of the treatment [157]. Likewise,
the derived thickness of the vapor-deposited SAM is consistent with that reported
in earlier studies [30], [124], [127]. The fact that the thickness of the film is
smaller than the physical length of the octadecyl thiolate molecule (~24.5 A),
suggests the existence of a well-ordered monolayer on the GaAs surface
consisting of densely packed alkyl chains tilted at 36 + 2° from the surface

normal.

An analogous approach to the one described above was adapted to
evaluate the spectra of the atomic hydrogen cleaned sample. Figure 4.8 depicts the
difference between the ellipsometric data and the results of the regression analysis
obtained with the model presented in the figure. The spectroscopic data suggests
the formation of more disordered ODT assemblies separated by regions of GaAs
oxide (26 = 3 %) on the surface of the sample. The reduced thickness (15.8 + 0.1
A) of the monolayer can likely be explained by a decrease in the tilt of the alkyl
chains from the surface normal. Similar to the SAM deposited from vapor phase,
the interface layer is modeled reasonably well by a mixture of GaAs and voids,
which corresponds to the selective removal of As and oxygen atoms from the

GaAss lattice during the exposure to atomic hydrogen.

To account for the apparent distinction in characteristics of the monolayers
formed from solution as documented by means of PL spectroscopy and XPS, an
alternative four-phase model was used to describe the properties of the solution-
deposited SAM. Since the GaAs surface prior to SAM deposition from liquid

phase is believed to be nearly stoichiometric, an interface layer was included in
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Figure 4.8:
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the ellipsometric model to allow for the possible formation of a roughened
overlayer, which has previously been shown to arise from the wet-etch oxide
removal process [83]. As in the case of the vapor-deposited SAM, the effective
refractive index of the monolayer was taken to be a weighted average of the
refractive index of the GaAs oxide and the ODT, with the optical constants of the

latter described by an equivalent Cauchy dispersion formula.

Figure 4.9 shows the difference spectra between the experimental and
best-fit curves for A and W of a film assembled from the thiol solution on GaAs.
The good agreement between the measured and simulated data implies the film
consists of less dense thiol domains with inclusions of a GaAs oxide. According
to the ellipsometric model, the volume fraction of the GaAs oxide in the host
medium was 18 + 1 %, which is larger than that derived for the vapor-deposited
SAM (8 = 2 %). The best-fit model also indicates that the monolayer is formed on
a roughened GaAs overlayer about 1 + 0.5 A thick, which is probably formed as a
result of the HF-etch used to strip the surface oxide prior to the assembly of the
monolayer from solution. Furthermore, the increased thickness of the film of 23 +
1 A implies that the alkyl chains in the monolayer are tilted from the surface
normal at a smaller angle of 20 + 2°, Interestingly, this film thickness agrees well
with that recently reported for an organized ODT monolayer on GaAs self-

assembled from solution under similar preparation conditions [53].

The results of the ellipsometric analysis, along with the experimental XPS
data, suggest dissimilar structures for monolayers prepared from liquid and vapor
phases. While conventional solution deposition yields a thicker monolayer with
the axes of the thiolate molecules oriented nearly perpendicular to the sample
surface, the overall coverage of the film is reduced. Conversely, the experimental
data for the vapor-deposited monolayer is consistent with the presence of a
thinner film composed of a densely packed assembly of molecules tilted more

towards the sample surface. The superior characteristics of the vapor-deposited
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Figure 4.9: Difference spectra (experimental — simulated) of ellipsometric
parameters a) A and c¢) ¥ of a solution-deposited ODT SAM on
GaAs for various angles of incidence. For clarity, the spectra at
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fit BEMA model to the corresponding spectra is shown.
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SAM inferred from the ellipsometric simulations correspond well to the larger
enhancement in PL intensity observed for the monolayer when compared to that
prepared from liquid phase. In the case of a solution-deposited monolayer, the
greater oxide content of the SAM is likely related to the existence of weaker As-S
bonds at the GaAs surface, which explains the decreased long-term stability of the
film with exposure to an ambient environment, as was found through PL and CA
analysis. On the other hand, the stronger Ga-S bonds formed between the vapor-
deposited SAM and the GaAs substrate are responsible for the greater surface
coverage of the film and directly translate to the improved passivation provided

by these SAMs.

4.3 Conclusion

The experimental data presented in this chapter suggests that the
functionalization of GaAs with ODT SAM:s inhibits the oxidization of the surface
for an extended period of time and maintains a quality of the interface similar to
that achieved via traditional oxide removal procedures. Although well-ordered
films were formed from both liquid and vapor phases, PL, CA analysis, and
ellipsometry measurements revealed that the overall quality of the resulting
SAMs, as well as the long-term durability, depend on the preparation method.
Specifically, time-dependent PL and CA analysis of the SAMs when exposed to
the ambient environment indicate an increased stability for the vapor-deposited
films when compared to the corresponding solution-deposited monolayers, which
were shown to be more susceptible to atmospheric conditions over time. The film
properties responsible for the difference in the longevity of the resultant surface
passivation were further explored by XPS. The attachment of the thiolate

molecules to the GaAs surface was shown to proceed through the formation of
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chemical bonds as demonstrated by the appearance of the respective emissions in
the Ga 3d, As 3d, and S 2p XPS spectra. Moreover, the anchoring of the thiols
was observed to occur at both Ga and As adsorption sites and was found to be
strongly dependent on the surface termination obtained by the particular oxide
removal treatment used prior to the SAM deposition. While both preparation
routes produced films with some residual oxide contamination, vapor-deposited
SAMs were found to have greater surface coverage and enhanced passivation
properties, as confirmed by ellipsometry and improved PL peak intensity. From
the XPS results, the superior characteristics of films prepared from vapor phase
were linked to the dominant formation of robust Ga-S bonds at the GaAs-SAM
interface. Consequently, the preparation of high quality organic SAMs from vapor
phase is a promising strategy for the reliable passivation of semiconductor
surfaces and a prospective means of enhancing the performance and stability of
III-V-based devices. More importantly, the effective passivation of III-V surfaces
with organic films is an essential step towards the development of novel

biosensors, as discussed in the next chapter.
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Chapter 5 Development of a Hybrid Aptamer-GaAs

Optical Biosensor

5.1 Introduction

The quest for ultrasensitive biomolecular detection systems has sparked
tremendous interest over the last decade not only across a variety of scientific
disciplines but also in the technological business sector. Intensive efforts in this
area have focused on the development of inexpensive miniature sensors capable
of rapidly identifying minute concentrations of a diverse assortment of biological
analytes. Some of the more practical applications in which biosensors have shown
great potential include medical diagnostics, drug discovery, genomics, forensic
examination, food quality control, and in defense against bioterrorism [158]-
[161]. A major drawback of most classical biorecognition schemes is the need for
labels in the form of fluorescent, chemiluminescent, redox, or radioactive tags,
which precludes the use of these devices for real-time monitoring [158].
Consequently, innovative label-free detection methods offer a very promising
alternative due to their low cost, facile fabrication, and direct sample readout, as

well as elimination of any possible modification of the target species [158].

As mentioned in Chapter 1, the primary architecture of any biosensor
consists of two principal components: 1) a biorecognition element used to
selectively detect the target species, and 2) a transduction mechanism that

translates the biorecognition response to a measurable physical signal [69], [162] -
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[164]. While the physical output can manifest itself as an electrical or optical
quantity, optical sensors present a few important advantages over their electrical
analogs, such as elevated selectivity and specificity, isolation from
electromagnetic interference, and the ability to employ novel detection techniques
[69]. In an optical biosensing approach, the sensitivity and selectivity of the
optical response are partly derived from immobilizing the bioreceptors directly
onto the sensor platform, which function to explicitly detect specific analytes by

means of certain intrinsic properties [69].

Semiconducting materials composed of III-V compounds provide a
desirable combination of electrical, chemical, and optical properties that can be
utilized to develop innovative biophotonic devices [165]. GaAs, in particular,
affords some unique benefits such as high electron mobility and direct band gap
structure that result in an intense PL yield [35], [62]. Since the luminescence
response of GaAs is remarkably sensitive to the physical, chemical, and electronic
environment at its surface, it can be exploited in the design of state-of-the-art
optical biosensors, which couple the advantageous characteristics of GaAs with

those of organic biomolecular receptors.

In this chapter, the fabrication and operation of a hybrid GaAs-based
optical biosensor are described. The solid-state biosensing platform was prepared
by functionalizing a GaAs surface with thiolated aptamer receptors. Single-strand
nucleic acids, referred to as aptamers, were selected as the biomolecular
recognition element on account of the high affinity and specificity exhibited by
these molecules for the target species of interest [166]. Recent progress in the
field has shown the enormous potential of aptamer-based molecular recognition in
the detection of proteins, peptides, enzymes, antibodies, cells, and other small
molecules [167]-[169]. Numerous desirable characteristics of aptamers, such as
their ability to be chemically synthesized, high purity, small size, and stability at
high temperatures under a variety of buffer conditions, have made these unique

molecules extremely attractive alternatives to conventional probes for use in
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assays and bioanalytical applications [167]-[169]. Due the intense interest in
using aptamers as sensing elements, there are several in-depth reviews on the
development of aptamers and aptamer-based technologies that can be consulted
for their synthesis and selection techniques, as well as for various analytical

methods that employ aptamers [167]-[175].

The implemented detection strategy discussed in this chapter involves a
modification in the GaAs PL intensity with the binding of target adenosine 5’-
triphosphate (ATP) ligands to the charged aptamer probes immobilized on the
substrate surface. From a fundamental perspective, the biorecognition reaction
directly affects the surface charge distribution and influences the near-surface
depletion width of the semiconductor, resulting in a modified PL response. A
quantitative analysis of the measured luminescence data is conducted utilizing
Poisson-Boltzmann statistics in conjunction with the dead layer model. The
results presented here demonstrate the feasibility of the proposed biorecognition
method in providing a simple and effective means of label-free identification of
specific biological analytes. These findings have been submitted for publication
[176].

5.2 Biofunctionalization Details

ATP, guanosine 5’-triphosphate (GTP), mercaptohexanol (MCH), and
NaCl were purchased from Sigma-Aldrich [80] and used as received. Monobasic
sodium phosphate and dibasic sodium phosphate used to prepare the phosphate
buffer solution (PBS) were purchased from EMD Chemicals [177]. Dithiolthreitol
(DTT) and Tris-HCI were purchased from BioShop Canada Inc [178]. The thiol
modified and unmodified oligonucleotide-based aptamers were purchased from

Integrated DNA Technologies [179]. To ensure a clean environment and
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reproducible conditions several precautions similar to those described in Chapter
2 for the liquid deposition of SAMs were used. The water used to prepare all of
the solutions as well as that used for rinsing was purified with a Millipore water
purification system (resistivity of 18 MQ-cm) [81]. The 5’ terminal end of the
aptamers was modified with a hexyldisulfide, which remained intact prior to use
and acted as a protective cap. In order to cleave the disulfide bond and liberate the
reactive thiol group, the crude oligonucleotides were treated with 10 millimolar
DTT in a solution of 50 millimolar Tris-HCI buffer (pH 7.5) and 100 millimolar
aqueous NaCl at room temperature. The reduction reaction was accomplished
within a period of 1 hour, and the oligonucleotides were precipitated out of the
solution by means of ethanol precipitation. Subsequently, the oligonucleotides
were purified using standard 10% denaturing polyacrylamide gel electrophoresis.
The purified aptamers were then dissolved in ultrapure double distilled water and
kept frozen at -20°C until needed. To prepare the final aptamer solutions used in
the functionalization of the GaAs substrates, the aptamers were dissolved at the
desired concentration into 1 mL PBS in a small autoclaved vial. The
concentration and pH of the PBS used to fabricate the samples as well as that used

during the PL measurements were 0.2 M and 7.8, respectively.

The GaAs substrates were treated with the aptamers following
conventional liquid phase deposition techniques based on GaAs-S chemistry
outlined in Chapter 2. First, HF-etched substrates were incubated in 10 pM
solutions of aptamer probes (see Table 5.1 for a list of oligonucleotide aptamers
used in the study) and PBS for 48 hours at room temperature. Subsequently, the
aptamer-modified substrates were rinsed with deionized water, dried with N, gas,
and treated with a 4 uM solution of MCH in PBS for a period of 1 hour at room
temperature. During this processing step, the MCH bonds to unoccupied surface
sites surrounding the immobilized probes and removes nonspecifically adsorbed
oligonucleotides, thereby orienting the aptamer backbone away from the GaAs

surface and promoting the single-point anchoring of individual molecules via the
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Table 5.1: Sequences of the oligonucleotide aptamer probes.

Oligonucleotide Sequence

T10ATP 5’-HS-TTTTTTTTTTACCTGGGGGAGTATTGCGGA
GGAAGGT-3’

MUTI10ATP 5’-HS-TTTTTTTTTTACCTGTGGGAGTATTGCGTAG
GAAGGT-3’

TSATP 5’-HS-TTTTTACCTGGGGGAGTATTGCGGAGGAAG
GT-3’

T20ATP S-HS-TTTTTTTTTTTTTTTTTTTTACCTGGGGGAGT
ATTGCGGAGGAAGGT-3’

T30ATP S-HS-TTTTTTTTTTTTTTTTTTTTTTITTITTTITTTACC

TGGGGGAGTATTGCGGAGGAAGGT-3’
non-thiolated TIOATP  5’-TTTTTTTTTTACCTGGGGGAGTATTGCGGAGGA
AGGT-3’

thiolate headgroup [180], [181]. The overall effect of the MCH treatment is an
improved aptamer film structure that helps to increase the subsequent efficiency
of biorecognition [180], [181]. Following the reaction, the samples were rinsed

with deionized water and dried in N, gas.

The assay treatment of aptamer-modified GaAs surfaces was conducted in
a 1 millimolar solution of ATP in PBS. To promote the biomolecular recognition,
the samples were heated to approximately 70°C for 1 minute, and allowed to cool
to room temperature for 2 hours. A portion of the aptamer-modified sample was
treated with a noncognate ligand GTP in a 1 millimolar PBS solution under the
same conditions as outlined above for ATP. ATP (GTP) molecules do not bind to

the MUT10ATP (T10ATP) receptors. The use of ATP and GTP was therefore
used to validate the specificity of the detection process.

All of the previously mentioned reactions were carried out in a nitrogen-
purged glove-box with oxygen and moisture levels below 1 part per million to
avoid reoxidation of the freshly etched sample surface, which would otherwise

occur in an air ambient. Moreover, to prevent the regrowth of the GaAs native
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oxide, each solution was purged with N, gas for 5 minutes to remove any

dissolved oxygen before the sample was introduced.

Immediately following the biorecognition process, PL measurements were
conducted on each sample to determine the suitability of optical transduction as a
platform for biosensing assays. Luminescence spectra were recorded at room
temperature using a home-built apparatus described in Chapter 2. To maintain the
conditions necessary for biorecognition, the PL measurements were conducted
through a thin glass microscope cover slip used to contain a small volume of
liquid at the surface of each sample (approximately 2 uL). With the exception of
the ATP- and GTP-treated samples, the liquid used during the PL measurement
was PBS. In the case of the ATP- and GTP-treated samples, a 2 uL drop of the

ATP- or GTP-PBS solution, respectively, was used for the measurement.

Since the absorption length of the laser radiation in GaAs is approximately
250 nm [103], the laser beam is absorbed close to the top of the sample surface
[182]. Consequently, the intensity of the resulting PL signal is strongly controlled
by the surface properties and hence, can be exploited to indicate the presence of
specific analytes immobilized near this region. As in the case of the standard
SAM-passivated samples, prior to each PL measurement of the aptamer-modified
samples, the PL system was tested by obtaining PL from a reference sample
consisting of a highly doped untreated n-type GaAs substrate to confirm
reproducibility between PL measurements. As discussed in Chapter 2, the use of
a reference standard in this way ensured that any influence of the PL apparatus on
the obtained PL results (such as changes in incident laser power) was negligible.
On each sample, PL was collected from three different locations and averaged to
account for any non-uniformity in the surface properties. The typical variation in

peak PL intensity across the surface of each sample was approximately 10%.
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5.3 Experimental Results

Figure 5.1 a) and b) show room temperature PL spectra of the TIOATP
aptamer-treated GaAs samples as well as that of an untreated GaAs substrate. The
peak PL intensity occurred at a wavelength of approximately 872 nm,
corresponding to the band gap of GaAs. As indicated in Figure 5.1 a), the peak PL
intensity following deposition of the aptamer molecules (sample referred to as
T10ATP and MUT10ATP, respectively) is quenched compared to the untreated
substrate. The observed decrcase in the PL intensity upon exposure to the
thiolated oligonucleotides is attributed to the bending of the energy bands at the
GaAs surface due to the adsorption of the negatively charged molecules. The
resultant negative charge depletes electrons from the near-surface region of the
GaAs semiconductor, effectively increasing the band bending and the width of the
depletion region [35]. Since light-generated charge carriers created within a
distance on the order of the depletion width do not contribute to the luminescence
signal, an increase in depletion width corresponds to a decrease in the measured
PL intensity [183]. It is important to note that in previous studies, the
modification of GaAs substrates with self-assembled monolayers of basic long-
chain alkanethiols has resulted in an enhanced luminescence yield, presumably
due to the passivation of mid-gap surface states through the formation of sulfur-
GaAs bonds [115], [184]. Thus, the observed PL quenching suggests that the band
bending caused by the considerable negative charge of the aptamers dominates
any passivation effect generated as a result of the thiolate bond used to tether the
molecules to the semiconductor surface. On the other hand, in the presence of the
target ATP molecules, the peak luminescence intensity of the TI0ATP modified
sample (referred to as ATP+T10ATP) increased appreciably while the intensity of
the mutated MUT10ATP sample (referred to as ATP+MUTI0ATP) did not

change (see Figure 5.1 b)). Moreover, there was no change observed in the peak
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Figure 5.1: Room temperature PL spectra of the TIOATP aptamer-treated GaAs
samples as well as that of an untreated substrate: a) following the
initial probe functionalization and b) after exposure to the ATP or
GTP solution.

PL intensity of the TIOATP modified sample in the presence of GTP molecules
(referred to as GTP+T10ATP).

The enhanced PL signal of the ATP+T10ATP sample demonstrates the
successful recognition of the target ATP ligands by the TIOATP receptors. During
the formation of ATP-aptamer complexes, the aptamer probes fold through self-

complementary pairing and adopt a tertiary structure simulating a stem-and-loop
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[185]. The increase in PL intensity as a result of the ATP-aptamer complex
formation corresponds to a decrease in the width of the GaAs depletion region
due to a change in the charge distribution at the sample surface. The lack of
change in the PL intensity observed on the ATP+MUT10ATP and GTP+T10ATP
samples is consistent with the fact that the ATP (GTP) molecules do not bind to
the MUT10ATP (T10ATP) receptors, respectively. A schematic of the proposed
mechanism responsible for the biorecognition-facilitated change in the GaAs
surface properties is depicted in Figure 5.2 a) and b). In the absence of ATP, the
aptamer assembly adopts a configuration where the molecules are tilted toward
the substrate surface at a substantial angle with respect to the surface normal
(Figure 5.2 a)). Following the binding of the ATP, the conformational
transformation forces the immobilized aptamers toward a stabilized, upright
position (Figure 5.2 b)). The reorientation of the probes with target sensing
effectively reduces the charge density near the GaAs interface by increasing the
width over which the total aptamer charge is distributed, resulting in the measured

PL enhancement.

Additional evidence that the observed PL enhancement is a direct
consequence of successful biorecognition is provided by the control experiments
performed using the mutant aptamer MUTI10ATP and the noncognate GTP
ligands (see Figure 5.1 b)). In strict contrast to the non-mutated aptamers, the
mutant counterparts cannot fold in the presence of the ATP ligands due to a base
mismatch and thus are rendered unreactive to the target species. Consequently, no
change in the measured PL intensity was observed following the exposure of the
MUTI10ATP sample to ATP. Similarly, since the GTP molecules cannot trigger a
structural change in the aptamer receptors, the addition of GTP to the T10ATP-
functionalized sample had no effect on the luminescence signal of the underlying
substrate, as depicted in Figure 5.1 b). The outcome of the former control
experiment verifies that the PL enhancement was indeed induced by the

conformational transformation of aptamer probes upon ATP capture, while the
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Figure 5.2: Schematic representation of the proposed mechanism responsible for
the biorecognition-facilitated change in the GaAs luminescence: a)
prior to the target sensing, b) after the binding of the target ATP
ligands.

results of the latter control experiment confirm the inherent specificity of the
target detection owing to the ability of the sensor to accurately discriminate ATP
from GTP.

To investigate the bonding characteristics of the aptamer probes on a
semiconductor surface, an oligonucleotide sequence without the thiol anchor was
employed. Since direct bonding of the aptamers to the surface via the base

moieties is detrimental to biorecognition, it is crucial from the perspective of
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sensitivity to minimize the extent of base-GaAs interactions [180]. Figure 5.3
compares the PL spectra of GaAs samples functionalized with the standard
thiolated T10ATP, non-thiolated T10ATP, as well as that of an untreated
substrate. Evidently, no appreciable change in the PL intensity was observed
following the treatment of the surface with the non-thiolated strands. The lack of
affinity for GaAs exhibited by the aptamer backbone provides evidence that the
thiolate endgroup is responsible for anchoring the probes to the semiconductor

surface with an orientation beneficial to target sensing.

An important characteristic of any biosensor design is the reversibility of
the signaling mechanism (i.e. the removal of the target analyte from the probe
functionalized surface) which allows for the regeneration of the sensor platform
and provides a means for real-time detection of specific target analytes [186],
[187]. The regeneration potential of the proposed biosensor was investigated by
measuring the PL signal after the dissociation of the aptamer-ATP complexes.

The dissociation reaction was performed by immersing the ATP-modified
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Figure 5.3: PL spectra of GaAs substrates modified with thiolated T10ATP, non-
thiolated T10ATP, as well as that of an untreated substrate.
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TI0ATP sample in PBS for 2 minutes at 70°C and subsequently rinsing the
surface with copious amounts of warm PBS. Since thiolated DNA on GaAs has
been previously shown to be relatively stable in boiling water for a period of 5
minutes [61], a temperature of 70°C was selected for the reaction in order to
facilitate the successful dissociation of the ATP-aptamer complexes while

simultaneously preserving the aptamer functionalized surface.

In order to ensure that the ATP molecules were fully dissociated from the
aptamer probes, the preceding procedure was repeated three consecutive times,
after which the sample was dried with N, gas. Figure 5.4 illustrates the room
temperature PL spectra of the dissociated sample (denoted as (ATP+T10ATP)-
ATP), as well as that of the original TIOATP sample, the ATP-modified TI0ATP
sample, and an untreated GaAs substrate. As outlined in the figure, the baseline
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Figure 5.4: A comparison of room temperature PL spectra of an ATP-treated

T10ATP sample before and after dissociation (denoted as
ATP+T10ATP and (ATP+T10ATP)-ATP, respectively), a TI0ATP
sample, and an untreated GaAs substrate.

107



PhD Thesis — H. Budz McMaster University — Engineering Physics

PL signal of the aptamer-modified sample was restored close to the original
strength following the denaturation reaction, implying a change in the aptamer
conformation back to the initial ligand-free orientation. The reversibility of the
specific interaction between aptamer receptors and the ATP target, as suggested
by the PL response, demonstrates the suitability of the hybrid organic-

semiconductor platform for use in real-time biosensing applications.

The sensitivity of the device to charged oligonucleotides was further
evaluated by measuring the PL response of the GaAs-based biosensor to aptamers
of varying strand lengths. To synthesize the additional aptamer sequences the
length of the thymine-based linker was modified. Specifically, three linker lengths
consisting of 5-mer, 20-mer, and 30-mer segments of sequential thymine bases
were examined in addition to the 10-mer thymine-linked T10ATP aptamer
discussed above (see Table 5.1 for a full description of the oligonucleotide
sequences studied). Figure 5.5 a) shows the relative change in the peak PL
intensity of the oligonucleotide-modified samples as a function of the aptamer
probe length. For the purpose of comparison, the PL data from the previously
described TIOATP sample is also included in the figure. Clearly, the decrease in
the PL intensity observed following the initial aptamer functionalization of the
substrates increases with the thymine spacer length. This trend in the PL signal is
attributed to an increase in the negative charge density with the length of the
aptamer strands, which in turn leads to an expansion of the semiconductor
depletion width. Moreover, following the detection of the ATP target, the relative
change in the luminescence signal is greater for longer probe sequences as
indicated in Figure 5.5 b). The relationship between the PL response with
biorecognition and the aptamer strand length is consistent with the sensing
mechanism suggested earlier. Since the magnitude of the PL enhancement
observed upon the formation of ATP-aptamer complexes is proportional to the
aptamer length, it supports the conclusion that the underlying mechanism

responsible for the PL response involves a ligand-dependent conformational
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Figure 5.5: Relative change in the peak PL intensity of the oligonucleotide-
modified GaAs samples as a function of the aptamer probe length: a)
PL yield of the aptamer functionalized sample relative to that of an
untreated substrate, b) PL yield of the aptamer functionalized
sample relative to that exposed to the ATP assay solution. The data
reflect the natural logarithm of the specified PL ratios divided by the
GaAs absorption coefficient, o (experimental data: ®, model fit: — -
~ ). The error bars correspond to the standard deviation of the PL
measurements obtained at three different locations on the surface of
each sample.

109



PhD Thesis — H. Budz McMaster University — Engineering Physics

transition of the aptamer molecules, which modifies the thickness of the aptamer
layer as a function of the molecular length. Another important feature reflected in
Figure 5.5 a) and b) is the sensitivity of the luminescence to the local environment
at the GaAs surface, which remains responsive to recognition events across the

entire range of probe lengths investigated.

To quantitatively describe the change in the measured PL signal of the
system, Poisson-Boltzmann statistics in conjunction with the dead layer model
were employed. This model assumes that a near-surface region in the
semiconductor on the order of the depletion layer is nonemissive (i.e. no PL is
emitted) because of the absence of radiative recombination [183]. This
nonemissive layer is also referred to as a dead layer. To be consistent with similar
models and simplify the analysis, the aptamer film was represented as a planar
porous membrane of finite thickness consisting of oligonucleotide strands in

contact with an electrolyte solution.

From an electrostatic perspective, a fundamental aspect of the system
under consideration is the variation in the potential profile across the aptamer-
functionalized semiconductor and the ionic electrolyte. Since the electrolyte
solution functions as a bulk reservoir of mobile ions, it has a considerable effect
on the potential at the semiconductor surface [188]. As the system reaches
equilibrium, the charged molecules within the permeable membrane work to
simultaneously attract the surrounding counterions (i.e. ions with an opposite
electric charge to the membrane) while expelling the nearby coions (i.e. ions with
the same electric charge as the membrane) by means of strong Coulomb forces.
Due to the highly localized nature of the charges in the membrane, the
countercharge attributed by the electrolyte ions in the vicinity of the
semiconductor consists of an excess of counterions and a deficit of coions. This
charge balancing process leads to a redistribution of the ions as well as a
corresponding change in the potential across the aptamer layer and the

neighboring electrolyte solution. In the latter aptamer-free region, the potential
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profile with respect to the neutral bulk electrolyte for the planar geometry,

Welectrolytes 1S mediated by the one dimensional Poisson-Boltzmann equation, as

given by [188]

dzwelectrolyte (x) = 2ano Sinh( quelectrolyte (x)) (5.1)

dx® €0, kT

where z and n, are the valence and concentration of the anions and cations in the
symmetrical electrolyte, & is the relative permittivity of free space, & is the
dielectric constant of the electrolyte, g is the fundamental electron charge, k is the
Boltzmann constant, and 7 is the temperature. The above expression stems from a
combination of Poisson’s equation, which relates the potential around an
electrolyte ion to the space charge density of the surrounding ionic atmosphere,
and Boltzmann’s law, which governs the distribution of ions in the solution [189].
Similarly, in the region adjacent to the semiconductor surface, the potential
distribution across the aptamer membrane, membrane, Satisfies the charge-modified

Poisson-Boltzmann equation, which is expressed as [190]

dztpmembmne(x) = 2an0 sin qumembrane (x) _ qum (5.2)
dx® Eo kT £4E,,

The first term in Equation (5.2) is derived from the permeation of the mobile
electrolyte ions through the porous membrane, where &, is the dielectric constant
in the membrane, while the last term is associated with the fixed negative charges
on the aptamer molecules and the potential that forms across the membrane to
compensate the diffusion of the ions along the developing concentration gradient
[191]. The fixed charge embedded in the membrane is assumed to be uniformly

distributed at a volume density of N,, as given by
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(5.3)

where N is the number of charges per strand (each oligonucleotide base
contributes a single negative charge of valency, v = -1), d; (42) is the average
membrane thickness before (after) binding of the target ATP ligands (see Figure
5.2), and r is the probe radius (equal to approximately 1 nm) [192]. p is the
coverage of aptamer probes on the semiconductor surface ranging between 1, in
the case of the maximum attainable surface coverage (corresponding to 1/7r°),

and 0, in the case of an aptamer-free surface (i.e. 0 <p <1).

In the case of the semiconductor region, Poisson’s equation along with the
fundamental expressions for the charge carrier concentrations combine to give the
GaAs surface potential, iy, relative to the equilibrium bulk position as defined by

[35]

d'yy(x) __ g (2n,. Smh(;qf(w _ ¢F)) + Nd) (5.4)

2
dx €€ Gans

where €gaas 1s the GaAs dielectric constant, #; is the intrinsic carrier concentration
of the GaAs, v is the potential across the semiconductor depletion region, and Ny
is the extrinsic doping concentration of the semiconductor substrate. In the above
equation, the relative Fermi energy, ¢r, represents the position of the Fermi level
with respect to the intrinsic level of the semiconductor, which is defined as the
middle of the band gap [35]. Solving the set of coupled nonlinear second order
differential equations specified in (5.1)-(5.4) for the electrostatic potential
requires the use of boundary conditions. The primary boundary condition
originates from the requirement that the potential must be continuous across the
three distinct material regions [188]. The second boundary condition stems from

the fact that the potential must vanish within the bulk of the electrolyte solution
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and the semiconductor [188]. The final boundary condition that must be fulfilled
follows from the necessity for overall charge neutrality (i.e. that the charge at the
semiconductor surface must equal and oppose the total charge in the aptamer
membrane and the electrolyte solution) [188]. A self-consistent solution to the
proposed model subject to the above boundary conditions was determined by

using Comsol Multiphysics software [193].

As the aforementioned theory predicts, the adsorption of the charged
aptamer probes at the GaAs interface modifies the surface potential through the
manifestation of band bending. Since the surface potential effectively controls the
thickness of the nonemissive layer within the near-surface region of the GaAs, it
also directly influences the PL characteristics of the material system. To interpret
the response of the luminescence signal to the variation in the surface potential, a
dead layer model was employed. The model assumes that light-generated charge
carriers created within a distance on the order of the depletion width are prevented
from recombining radiatively by means of an electric field and thus do not
contribute to the PL signal [183]. A quantitative expression of the model is
provided by the following relation [194]

PL_,
—medfied _ goAP (5.5)

P Luntreated B

where PLynteated and PLmodgifiea are the peak PL intensities of the band-to-band
radiative transitions before and after the biological modification, respectively, AD
is the corresponding change in the thickness of the nonemissive dead layer, and o
= Oprobe + app  (Where oprobe and app are the absorption coefficients for the
incident and emitted radiation). Under the experimental conditions used in this
study, Qpobe and apL were 4x10* cm’! (at a wavelength of 632 nm) [182] and
7.5x10° cm™ (at the GaAs band gap wavelength) [195], respectively. Since the
thickness of the dead layer is approximately equal to the depletion width at the
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semiconductor surface [194], the change in the dead layer thickness can also be

defined as [35]

AD=AW = Wmodiﬁed - Wuntreated (5' 6)
where
qi/2
kT, (N,
2£GaAs£0 WO, untreated, modified ~ —q_ln N 1
d
Wuntreated , modified = q (]_V_) (5.7)
d

In the above equations, Wintreated aNd Wmodifiea are the widths of the surface
depletion region before and after the biological functionalization, expressed in
terms of the respective surface potentials, 9o, untreated aNd Yo, modified, and N is the

effective density of states at the conduction band minimum.

Substituting Equations (5.6) and (5.7) into Equation (5.5) along with the
necessary constants and material parameters results in a relationship between the
change in the PL intensity and the variation in the surface potential obtained by
the modification of the GaAs substrate with the charged biological species. The
applicable material parameters used in the computation are summarized in Table
5.2. It should be noted that a dielectric constant of 1.77, equal to that of water (pH
7, 25°C) at optical frequencies, was used for the bulk electrolyte solution as well
as the aptamer membrane (i.e. €. = &, = 1.77) [196], [197]. Assigning the same
value in the two regions is only a first order approximation since it is likely that
the dielectric constant is altered in the vicinity of the charged aptamer probes
[190]. However, since the influence of the dielectric constant on the response of
the biosensor modeled in this study as well as that of a similar field-effect
biosensor was found to be minor [162], this approximation is considered

sufficient for the purpose of this investigation.
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Table 5.2: Material parameters used in the modeling computation.
Parameter Value (units)
GaAs dielectric constant, £gaas 13.2
Intrinsic carrier concentration, »; 2x10° (cm™)
Impurity carrier concentration, Ny 3x10° (cm™)
Relative Fermi energy, ¢r 0.13 (eV)
Effective density of states, N, 4.35x10" (cm™)
GaAs absorption coefficient at the incident wavelength, oprpe 4% 10* (cm")
GaAs absorption coefficient at the PL wavelength, op 7.5x10° (cm™)
Electrolyte pH 7.8
Electrolyte dielectric constant, &, 1.77
Ionic concentration, ng 0.2 (mol/)
Valence of electrolyte ions, z eS|
Membrane dielectric constant, &, 1.77
Valence of membrane charges, v -1

Figure 5.5 shows the results of the theoretical model whereby the
experimental data is fitted using the previously described Poisson-Boltzmann
statistics in combination with the dead layer model as defined in Equations (5.1)
to (5.7). A fit to the data was obtained by varying the thickness of the membrane

(d\, d») and the surface coverage, p, of the aptamer probes. The probe coverage

was assumed to remain the same before and after ATP sensing.

As illustrated in Figure 5.5, good agreement exists between the
measurements (represented by the filled circles) and the calculated values
(represented by the dashed line). The results of the computation indicate that, in
the absence of ATP, the molecular membrane is best described by a very thin
layer consisting of aptamer probes lying nearly flat on the GaAs surface.
Assuming a cylindrical rod geometry for each aptamer molecule, a length of 0.34
nm between each oligonucleotide base pair [192], and a 1.2 nm long hexanethiol
anchor [198], the simulated membrane thickness corresponds to an average
molecular tilt angle of 20 + 4° with respect to the GaAs surface for all aptamers

considered. It should be noted that while this simplistic tilt angle is meant to
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provide some physical insight into the typical orientation of the aptamers, the
actual molecules likely adopt different tilt angles and resemble randomly oriented
collapsed coils [199]. Nevertheless, the relatively flat orientation of the aptamer
probes is in accord with that reported for a similar system of DNA oligomers on
GaAs, which showed the nearly parallel alignment of DNA molecules to the
semiconductor interface by means of grazing incidence x-ray scattering [200].
Moreover, the computed data reveals that the immobilized aptamer molecules
occupy approximately 0.1% of the theoretical maximum surface coverage based
on the area of a single molecule (i.e. maximum surface coverage = 1/(zr%)). It
should be noted that due to the bulky nature of the molecules, the maximum
attainable surface density of the aptamer probes is limited by the dimensionality
of the molecules rather than the number of available bonding sites on the GaAs
surface. The low packing density of the aptamer probes can be attributed to a
number of factors. First, the kinetics of the adsorption process can produce an
equilibrium probe density that is less than the total number of available surface
bonding sites [162]. Second, the relatively sparse distribution of the aptamer
molecules may reflect steric effects that hinder the formation of a closely packed
structure [201]. Third, the MCH treatment of the aptamer modified surface may
partially be responsible for the low surface density as previous studies have
shown that DNA-modified surfaces exposed to MCH can result in more loosely
packed layers when compared to untreated surfaces [198]. Finally, the
electrostatic repulsion that exists between the phosphate moieties of adjacent
aptamers may contribute to the low surface coverage of the probes on the GaAs
surface [202]. Regardless of the mechanism responsible for the low probe density,
a large separation between individual aptamer probes is actually advantageous in
sensing applications as it facilitates a more rapid detection response [203].
Moreover, the aptamer probe density of approximately 3.2x10'* m™ derived from
the model is comparable to that reported in the literature for oligonucleotides

immobilized on a variety of substrates such as Au, glass, SiO,, and Si3N4 which
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show densities between 10°—10'® m? [180], [181], [198], [204]-[208]. As
indicated by the wide range of densities, the coverage of surface-bound
oligonucleotides is greatly influenced by the substrate material as well as by the
immobilizing chemistry. Thus, it is likely that the density of aptamer molecules
adsorbed on GaAs can be optimized by adjusting the relevant deposition

parameters, as discussed in Chapter 6 [208].

Subsequent to the biorecognition process, the simulated results obtained
with the present model affirm that the aptamer probes adopt a different
conformation in which the molecules are erect in a stem-loop structure through
the self-complementary pairing of several bases at both ends (see Figure 5.2). As
hypothesized earlier, this target-induced structural configuration is accompanied
by an increase in the thickness of the aptamer membrane, which in turn leads to a
reduction in the negative charge density at the GaAs interface and a decrease in
the depletion width. The resulting effect is consistent with the PL enhancement
observed after the introduction of the ATP target. The agreement between the
quantitative model and the experimental data was achieved assuming a membrane
thickness, b, corresponding to a vertical orientation of the ATP-aptamer
complexes, demonstrating the probe chain length dependent nature of the signal

response.

Furthermore, the simulated and experimental results can be rationalized by
considering the relationship between the orientation of the aptamer molecules and
the ionic screening effect of the electrolyte. Prior to ATP sensing, the charge on
the aptamer molecules is only partially screened by the nearby counterions, owing
to the nearly flat orientation of the aptamer probes with respect to the GaAs
surface which may preclude the counterions from completely surrounding the
molecules. On the other hand, following the ATP detection, the vertical alignment
of the ATP-aptamer complexes allows the molecules to be fully surrounded by the

electrolyte ions which aids in effectively screening the aptamer charge.
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5.4 Conclusion

The present study demonstrates the feasibility of using GaAs in
conjunction with thiolated aptamers in the development of novel hybrid
biosensors for the label-free detection of ATP. The implemented sensing
mechanism takes advantage of the ultrasensitive nature of the GaAs PL emission
to the local environment at its surface. Specifically, the ensuing PL response is
linked to a change in the conformation of the charged aptamer bioreceptors with
binding of the target ATP ligands. Since the aptamer probes are directly
immobilized on the GaAs substrate, the resulting conformational transition alters
the surface charge distribution and therefore, the width of the nonemissive
depletion region. Varying the length of the aptamer probes revealed a relationship
between the biorecognition stimulated luminescence and the aptamer strand
length, with longer probes eliciting a larger PL. enhancement upon ATP binding.
Results of several control experiments indicate the high sensitivity and selectivity
of the developed biosensor in identifying ATP. Modeling the performance data by
means of Poisson-Boltzmann statistics in combination with the dead layer model
showed a good correlation between the structural characteristics of the aptamer
assembly and the PL yield of the underlying substrate. Collectively, these results
indicate the promise of the proposed biosensing strategy for use in real-time
applications requiring a simple and rapid means of detection. Moreover, the
present hybrid scheme is also very attractive in terms of its potential for
integration with innovative nanotechnologies in the construction of portable

devices capable of sensing ultralow concentrations of target biomolecules.
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Chapter 6 Conclusions and Future Work

6.1 Summary

In the preliminary chapters of the present study, an introductory review on
the subject of self-assembly and the various analytical techniques utilized
throughout the work were presented. In the following experimental sections, the
chemical, structural, and optical properties of self-assembling alkanethiol
monolayers deposited on GaAs substrates from liquid and vapor phases were
compared and contrasted. The SAMs prepared from solution were formed by
incubating the substrate in a dilute millimolar ODT-ethanol solution, while vapor-
deposited monolayers were prepared from vapor phase transport of ODT in a
custom-built UHV system. Characterization of the resulting SAMs was conducted
with numerous surface science tools including CA analysis, PL spectroscopy,
AFM, spectroscopic ellipsometry, and HRXPS. The comparative investigation
was motivated by the potential of vapor deposition in the synthesis of high
quality, reproducible, and scalable organic thin films on semiconductor surfaces

for a wide variety of technological applications.

Static water CA measurements of the ODT monolayers indicated the
successful formation of organized monolayers by both preparation routes. In
contrast, PL spectroscopy, AFM, and ellipsometry measurements showed
differences in the optical and structural properties of SAMs prepared from liquid

and vapor phases. Specifically, room temperature luminescence results indicated
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that the enhancement in PL intensity of GaAs upon exposure to the thiols was, on
average, a factor of two greater for vapor-deposited SAMs compared to their
solution-deposited analogs. Similarly, as illustrated via AFM, the surface
roughness of the vapor-deposited monolayers was found to be lower in
comparison to the solution-deposited monolayers, implying the formation of more
uniform films with fewer defects. These observations were further supplemented
by spectroscopic ellipsometry measurements in conjunction with a three-phase
analytical model, which revealed an oxide content of approximately 30% greater
in SAMs formed from liquid phase as opposed to those formed from vapor phase.
Collectively, the data presented in Chapter 3 demonstrates that more densely
packed monolayers exhibiting greater surface coverage and increased passivation
are assembled from vapor phase on GaAs substrates. The lower SAM coverage
and reduced passivation observed on samples prepared from liquid phase was
attributed to the formation of a partial oxide layer on the GaAs surface as a result
of the deposition process. Moreover, the results presented illustrate the particular
sensitivity of each analytical technique to the specific characteristics of the
monolayers. In particular, the data implies that PL spectroscopy is more sensitive
to the quality of the films when compared to CA analysis, which can be used to

indicate the film quality at a more macroscopic level.

Chapter 4 detailed an examination of the chemical bonding characteristics
and stability of the SAMs deposited on GaAs substrates from vapor and liquid
phases. The data presented implies that the modification of GaAs substrates with
ODT SAMs prevents the reoxidization of the surface for a prolonged period of
time and maintains an interfacial quality comparable to that achieved with
conventional oxide removal techniques. Time-dependent PL and CA analysis
indicated that the long-term durability of the SAMs was related to the specific
preparation method used to deposit the films. Specifically, the PL intensity was
found to progressively decrease over time for all of the treated samples exposed to

air. The time dependence of the PL intensity decay for the vapor-deposited SAM
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exhibited temporal characteristics with two different rate components: an initial
fast rate constant proceeded by a slower rate constant with increased exposure to
an ambient environment. On the other hand, the decay in the luminescence
intensity of solution-deposited SAM showed a single, more gradual rate constant.
This difference in the stability of the two samples was explained by the
experimental conditions used to synthesize the films. In the case of the vapor-
deposited SAM, the resultant GaAs passivation is a product of two different
passivation techniques, namely, hydrogen passivation, which stems from the
atomic hydrogen pretreatment utilized to remove the native oxide, and SAM
passivation. While the effects of hydrogen passivation were observed to dissipate
quickly and thus, were deemed responsible for the initial fast PL decay,
passivation of the underlying substrate by the organic monolayer produced a
prolonged effect, as described by the second slower decay constant. Since the
solution-deposited film was prepared without the use of atomic hydrogen, the
passivation of the GaAs surface was created solely by the SAM modification, and
thus could be represented by a single decay constant. Moreover, after a period of
four months in air, the luminescence yield observed on the vapor-deposited
monolayer was shown to be about a factor of five greater than that of the solution-
deposited monolayer. Similarly, a time-dependent CA analysis showed a smaller
degradation in the CA for the vapor-deposited monolayer following a four month
exposure to ambient conditions compared to the SAM synthesized from solution.
Consequently, the PL results in conjunction with the CA data demonstrated that
more stable films are produced from vapor than from liquid phase, which were

shown to be more susceptible to atmospheric conditions over time.

By way of HRXPS measurements, the attachment of the thiolate
molecules to the GaAs substrates was observed to occur through the formation of
chemical bonds at both Ga and As surface sites, as confirmed by the manifestation
of the relevant emissions in the Ga 3d, As 3d, and S 2p spectra. Additionally, the

percentage of each bonding configuration was shown to be dictated by the surface
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termination produced via the cleaning and oxide removal processes used prior to
the deposition of the monolayer. While films deposited by either method revealed
signs of some residual oxide contamination, SAMs prepared under UHV
conditions were found to exhibit greater surface coverage and enhanced
passivation properties, as confirmed by spectroscopic ellipsometry and improved
PL yield. In particular, a four-phase ellipsometric model fitted to the experimental
data indicated the formation of a thicker monolayer from liquid phase consisting
of the thiolate molecules oriented nearly perpendicular to the GaAs surface at a
reduced surface coverage. On the contrary, the ellipsometric simulations of the
vapor-deposited film indicated the existence of a thinner assembly of closely
packed chains tilted more towards the substrate surface. From the HRXPS results,
the superior properties of SAMs synthesized from vapor phase were related to the
formation of stronger Ga-S bonds at the GaAs interface. Collectively, the results
of Chapter 3 and Chapter 4 indicate that SAMs prepared from vapor phase
deposition have more optimal characteristics compared to monolayers prepared
from solution. These results represent the first systematic investigation concerning
the characterization of alkanethiol SAMs deposited on GaAs surfaces from liquid

and vapor phases.

In the final experimental chapter of this thesis, the relevance of thiolated
SAMs in development of novel analytical biosensing devices was investigated. In
particular, the design and performance of a label-free hybrid GaAs-aptamer
biosensor were outlined. The implemented detection strategy combines the high
affinity of thiolated biofunctional monolayers for semiconductors with the
sensitivity of the GaAs PL emission to the local atmosphere at its surface. To
fabricate the devices, GaAs substrates were chemically modified with thiol-
derivatized oligonucleotide aptamers following conventional condensed-phase
deposition techniques and exposed to the target ATP biomolecules. The resulting
modification in the PL intensity was attributed to a specific biorecognition

interaction between aptamer receptors and the ATP target and, more importantly,
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6.2 Outlook

Alkanethiol SAMs adsorbed on solid inorganic surfaces have been a
widely studied topic of interest for a number of years. Although these archetypal
compounds are commonly used to model the concept of self-assembly, the
complex nature of SAM formation has limited the thorough understanding of the
precise structures and processes involved on the molecular level, especially in the
case where less conventional materials such as semiconductors are used as growth
supports. The intricacies associated with alkanethiol-based adsorbate-substrate
systems are much more complicated than once believed and many questions
regarding the detailed quantitative properties of these systems have yet to be
conclusively answered. While progress towards a qualitative understanding of
self-organization and interfacial interactions has been made, a unified picture of
the structure-property relationships of SAMs remains unresolved. Thus, to
achieve the full potential of alkanethiol monolayers in applications ranging from
classical areas of technology to more novel areas such as those associated with
interfacing biorelated devices, future investigations will need to address the
remaining fundamental issues. This section of the thesis will suggest some
directions for future research in this area, with emphasis on the important role of
thiolated SAMs in development of innovative biotechnologies. To narrow the
focus, the following discussion will be subdivided into four main points: 1)
optimization of the vapor deposition process, 2) surface engineering of SAMs
after formation, 3) enhancement of the aptamer-GaAs biosensor and model, and

4) development of SAM-based nanostructured optical biosensors.

6.2.1 Optimization of the Vapor Deposition Process

The results presented throughout this work show the vapor deposition of

organothiolate SAMs on compound semiconductors has numerous benefits
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compared to liquid phase deposition, including improved passivation properties,
increased stability, and greater surface coverage. However, as discussed in
Chapter 4, the atomic hydrogen pretreatment used prior to the vapor deposition
was insufficient in fully removing the native oxide from the GaAs surface. The
reason behind the incomplete desorption of the oxide layer is likely the
experimental parameters used during the treatment, such as substrate temperature
and/or insufficient hydrogen dose. Since the existence of oxide contamination on
the semiconductor surface limits the ultimate coverage of the monolayer, it is
advantageous to optimize the atomic hydrogen cleaning procedure along with the
subsequent vapor phase deposition process in order to promote the full removal of
the oxide species as well as the assembly of a highly dense, defect-free
monolayer. By carefully altering the preparation conditions including those
related to the temperature, time, and reactant dose, and consistently characterizing
the resulting SAM structures, an optimal set of control parameters can be
identified which leads to the formation of reproducible and complete single-

domain films on GaAs surfaces.

An attractive way to determine the appropriate processing conditions is
through the use of in-situ diagnostic techniques, such as LEED, STM,
spectroscopic ellipsometry, and Auger electron spectroscopy. For instance, LEED
or STM can be used during the cleaning and deposition treatments to image the
sample surface as well as the various film structures [72], [92]. Similarly, a non-
intrusive method like in-situ ellipsometry can be applied to monitor the evolution
of the film formation in real-time [209]. Thus, by retrofitting the UHV deposition
system used in this work with a suitable analytical surface science tool, the most
favorable processing parameters along with the treatment end-points can be
accurately defined in order to improve the surface coverage of the SAMs, as well

as the relevant film properties.
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6.2.2 Surface Engineering of SAMs after Formation

To fully exploit the advantageous properties of the vapor-deposited SAMs
for a variety of applications, it is valuable to functionally modify the films
following their formation on the GaAs substrates. The post-preparation
modification of SAMs is especially important in the development of biologically
active architectures where the functional moieties are physically large and
complex [49]. Since the synthesis of thiol molecules exhibiting different terminal
functionalities is generally difficult and time consuming, numerous approaches
have previously been developed for modifying the exposed surfaces of
monolayers after their assembly [49]. Functionalization of the vapor-deposited
alkanethiol monolayers on GaAs surfaces following their preparation offers some
key advantages. First, it relies on the use of well-established processing reactions
and thus simplifies the overall sample preparation procedures [49]. Second, it
permits the incorporation of ligands into the films that are otherwise incompatible
with UHV synthesis techniques [49]. Third, it enables the rapid modification of
several samples with a variety of engineered functionalities and provides a central
design flexibility, both at the molecular and material levels [49]. Fourth, it
reduces the overall amount of functional groups that is required, which often
lowers the fabrication costs especially in the case of more expensive biological
molecules [49]. Lastly, the post-formation modification of the SAMs derived
from vapor phase maintains the characteristics of the underlying monolayer at the
semiconductor interface [49]. This latter point is very important as thiol
monolayers assembled from gas phase were shown throughout this work to
possess properties that were distinctly superior to those exhibited by films
prepared from liquid phase. Thus, for example, by experimentally exploring
various strategies of functionally tailoring the composition of the preformed
vapor-deposited SAMs, the density of biorecognition elements can potentially be

increased on the GaAs biosensor platform described in Chapter 5.
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6.2.3 Enhancement of the Hybrid Aptamer-GaAs Optical Biosensor
and Model

One of the main objectives of this work was to construct SAM-based
assays for optical GaAs biosensors. While this goal was realized from a proof-of-
concept perspective, as discussed in Chapter 5, future work needs to be
undertaken before this system can be utilized in a broader range of applications.
For instance, an in-depth study which details the structural characteristics of the
aptamer assemblies as well as their optical and chemical properties should be
conducted in order to develop an understanding of the interactions that occur at
the aptamer-GaAs interface. To this end, XPS analysis can be performed to
deduce the elemental composition of the outermost layers on the semiconductor
surface. Depth profiling of the aptamer films can be achieved by varying the angle
of the XPS measurements, thus revealing the position of the various biological
species as a function of distance from the surface. Similarly, AFM can be utilized
to define the surface topography of the functionalized samples by providing a
direct image of the surface structure. Supplementary characterization techniques
such as spectroscopic ellipsometry and near-edge x-ray absorption fine structure
(NEXAFS) spectroscopy can be applied to examine the thickness of the resultant
aptamer films as well as the molecular orientation and ordering. Information
obtained by several complementary surface science tools can be used to
quantitatively determine the surface coverage of the adsorbed aptamer molecules
and compare it to that previously calculated from the theoretical model presented
in Chapter 5. The effects of the various treatments (i.e. MCH, dissociation,
analyte detection) on the aptamer surface coverage should also be examined in the
same manner. Moreover, to obtain a comprehensive description of the
mechanisms involved in the operation of the biosensor it would be constructive to
characterize the properties of the aptamer-GaAs samples before and after the
analyte sensing. In particular, by investigating the changes in the film thickness

and molecular orientation of the aptamer probes with the introduction of the ATP
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target, the structure-switching abilities of the signaling aptamers can be verified
along with the proposed mechanism responsible for the observed changes in the

PL signal.

In addition to fully characterizing the system from a materials science
standpoint, another avenue along which future research could proceed involves
the sensitivity of the hybrid biosensor to different environmental factors and their
influence on the sensor’s optical properties. Several different parameters can
potentially affect the sensitivity and reliability of the aptamer-GaAs biosensor,
including the electrolyte strength, pH of the solution, temperature, and probe
density [210]. Hence, a rigorous study that accounts for the effects of these
variables on the sensitivity will likely arrive at an optimum set of parameters that
ensures the best detection response from the sensor platform. Another aspect of
the system that should be addressed is the sensitivity of the biosensor to the
concentration of the target analyte. Specifically, by progressively varying the
analyte concentration, the performance of the sensor with respect to the response
signal can be profiled and the minimum effective concentration required for
unambiguous detection can be identified. Likewise, since the target analyte was
dispersed in carefully prepared ‘clean’ synthetic solutions in this study, it would
be useful to discern the selectivity of the proposed biosensing strategy under more
realistic conditions in which the analyte exists in solution with other
biomolecules. The presence of the target analyte in close proximity to other
biological species simulates conditions found in living systems. The operation of
the biosensor in this environment would demonstrate the potential of the device

for studying cellular processes.

The theoretical model used in the analysis of the luminescence data
acquired from the aptamer-GaAs biosensor is another area that deserves further
consideration in future studies. While the simple model discussed in Chapter 5
captures the essential phenomena that define the sensor’s functions and provides

good insight into the fundamental mechanisms involved in the operation of the
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sensor, several basic assumptions were necessary for its development which may
inadvertently underestimate the effects of various processes. To provide a more
realistic interpretation of the system characteristics, an advanced description of
the biosensor is necessary. A preliminary approach to this task should begin with
modifying the sensor’s physical structure. In the present one-dimensional model,
the negative charges supplied by the aptamer probes were assumed to be
delocalized and distributed over a continuum spanning the width of the membrane
region. In reality, however, the charges are spatially localized along the length of
the aptamer molecules and the previous approximation is primarily applicable to
cases where the probes are densely assembled. This limitation in the model can be
overcome by exposing the molecular structure of the probes and representing the
aptamer membrane as a two-dimensional array composed of discrete aptamer
molecules [211]. Besides modifying the physical characteristics of the aptamer
layer, additional factors that should be incorporated into future models include the
possible existence of surface oxide species, condensation of ions along the
aptamer backbone, and the adsorption of ions on the GaAs surface [211]. The
presence of superfluous ions within the vicinity of the semiconductor surface
would alter the equilibrium charge distribution and thus the simulated potential

profile associated with the biorecognition response.

6.2.4 Development of SAM-Based Nanostructured Optical

Semiconductor Biosensors

An attractive prospect of using SAMs in combination with GaAs and other
III-V semiconductors is in the construction of ultrasensitive label-free
nanostructured biosensors with specifically tailored properties. The nanometer
scale is particularly important in biological applications on account of the fact that
the dimensions of most bulky biomolecules and sub-cellular structures are

generally in the range of 1 to 1000 nm [212]. The results obtained with the planar
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biosensor discussed in Chapter 5 demonstrate the applicability of this system to
the selective detection of specific analytes. Thus, the target of future studies
should entail adapting this concept to the design of new assays based on the
SAM-functionalization of nanoscaled structures. A particularly promising strategy
involves the development of a miniature aptamer-GaAs NW optical biosensor. A
schematic of the proposed sensing platform is illustrated in Figure 6.1. In this
design, an alkanethiol SAM is used as a bonding layer to immobilize charged
aptamer probes on the surface of vertically aligned GaAs NWs arranged in an
array on a solid support. As in the case of the planar geometry, the introduction of
the ATP target triggers a direct transformation in the conformation of the probes
and the formation of the aptamer-ATP complexes. This biomolecular recognition
event is accompanied by a change in the charge density at the surface of the NW
transducers and a resultant modification in NW luminescence. The small,
elongated structure of the NWs results in a high surface-to-volume ratio that
augments the role of surface states and provides an enhancement in the
responsiveness of the PL signal to fluctuations in the surface charge density.
Altering the sensor geometry from a planar to a NW-based configuration takes
advantage of the size effects and overcomes the sensitivity limitations imposed by
the former design. Specifically, the change in the potential profile induced by the
folding of the aptamers with ATP binding occurs in the bulk of the NW as
opposed to only in the near-surface region of the planar substrate. Consequently,
similar devices composed of semiconductor NWs have been shown to be capable
of detecting ultralow concentrations of bioaffinitive agents [213]. Similarly,
theoretical calculations have shown that NW sensors possess improved
performance characteristics compared to planar configurations in terms of

sensitivity to external stimuli and response time [213]. Furthermore, the
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thiolated aptamer
bioreceptor \

GaAs
NW

Figure 6.1: Schematic depiction of the proposed aptamer-GaAs NW optical
biosensor. The vertically aligned NWs are modified using thiolate
chemistry with an aptamer functionalized SAM which acts as the
sensing layer.

combination of freestanding NWs with optical transduction is also advantageous
compared to more traditional FET-based approaches since it circumvents the
difficulties associated with the formation of NW-electrode interconnects and

facilitates scalable and reproducible manufacturing.

Utilization of SAM-modified GaAs NWs can potentially translate into
state-of-the-art optical assays that expand on current techniques of detection and
diagnostic screening. By integrating NW sensing arrays with novel MEMS and
microfluidic networks, all-inclusive devices can be realized and implemented to
develop a new paradigm for the label-free monitoring of biological processes. In
principle, the fact that all the constituent elements, including the optical excitation
source and detector can be derived from III-V materials provides for the
possibility of a single chip architecture (see Figure 6.2). These comprehensive
lab-on-a-chip systems represent a final product from the point of view of several
individually linked analytical components capable of automatically acquiring,
processing, detecting, and qualifying target analytes within a sample fluid. The

attainment of such a complete hybrid organic-semiconductor biosensor is the
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Figure 6.2: Novel hybrid SAM-NW optical lab-on-a-chip biosensor [Adapted
from [214]].

ultimate goal of the present research since it would provide a cost-effective means
of rapid and sensitive detection in a compact portable package. While much work
remains to be completed before this long-standing goal is fully realized, this study
has shown the considerable promise of alkanethiol SAMs on GaAs surfaces
combined with PL-based sensing for the development of highly integrated
analytical sensors. The favorable performance characteristics of this innovative
hybrid platform present new perspectives in terms of the widespread applications
in miniaturized molecular diagnostics and monitoring. The findings presented in
this thesis form a strong foundation for the continued development and
optimization of novel biosensor technologies consisting of functionalized-SAM

bioreceptors immobilized on III-V semiconductor transducers.
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