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Résumé 

Il a été avéré que le GaAs et l'AlGaAs peuvent être décomposés dans des environnements 

aqueux et que s'ils sont irradiés avec des photons d'énergie dépassant la bande interdite de ces 

matériaux, leur décomposition s'accélère grâce à un processus de photocorrosion bien connu. La 

sensibilité de la photoluminescence (PL) des semi-conducteurs à la présence d’états de surface a 

fait l’objet des études approfondies pendant de nombreuses années. Cependant, ce n'était que 

récemment qu’il a été démontré que les mesures de PL étaient sensibles à la photocorrosion in situ 

avec une précision de sous-monocouche. Une conséquence importante de ces caractéristiques est 

la forte sensibilité de PL à la perturbation d'un champ électrique proche de la surface et au transfert 

de la charge électrique. Ceci a rendu la photocorrosion des nano-hétérostructures de GaAs/AlGaAs 

attrayante, en tant que transducteur propice, pour détecter les perturbations de la charge électrique 

proche de surface induite par les bactéries chargées négativement. 

Dans cette thèse, les mécanismes de dissolution des semi-conducteurs III-V photo-induits 

ont été étudiés en réalisant une spectrométrie de masse à plasma à couplage inductif (ICP-MS) de 

produits aqueux de photocorrosion. Les expériences réalisées pour la photocorrosion de nano-

hétérostructures GaAs/Al0.35Ga0.65As dans des milieux DI H2O et NH4OH ont confirmé que la 

photocorrosion digitale (DIP) de ces nano-hétérostructures pouvait être contrôlée avec une 

précision inférieure à la monocouche. Les conditions conduisant à une décomposition congruente, 

définie par un taux de photocorrosion constant, ont été étudiées avec des mesures ICP-MS et un 

ensemble de méthodes de caractérisation de surface/interface utilisant FTIR, XPS et AFM. Cela a 

permis de démontrer que, contrairement à l'environnement DI H2O, l'environnement NH4OH 

conduit à la formation des surfaces stœchiométriques des nano-hétérostructures étudiées, d'au 

moins 100 nm. Le taux de photocorrosion constant a également été observé in situ en analysant les 

positions temporelles des interfaces révélées par PL entre les couches de GaAs et d'AlGaAs. Ces 

résultats démontrent la faisabilité d'un procédé simple et relativement peu coûteux pour le 

diagnostic in situ de la gravure par couche atomique de semi-conducteurs composés qui pourrait 

conduire à la formation de surfaces stœchiométriques de tels matériaux. 

L'étude de la photocorrosion digitale a été étendue à l'étude de ce processus pour la 

détection sensible de Legionella pneumophila chargée électriquement en milieu aqueux. 

L'immobilisation efficace de ces bactéries sur la surface du biocapteur a été confirmée avec une 
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biopuce GaAs/AlGaAs polarisée électriquement. Ainsi, l’hypothèse principale proposée est  que 

la décoration de L. pneumophila avec des biomolécules chargées négativement devrait mener à 

une détection à base de la photocorrosion digitale avec une limite de détection améliorée. En 

concordance avec les mesures du potentiel zêta, la bactérie L. pneumophila décoré avec du 

dodécylsulfate de sodium (SDS) a montré une interaction beaucoup plus forte avec les biopuces 

GaAs/AlGaAs photo-corrodées, ce qui a permis de détecter ces bactéries dans une solution saline 

tamponnée au phosphate (PBS) à 103 UFC/ml (unités formant colonies).   

Les résultats de cette recherche permettent de mieux comprendre la capacité du processus 

DIP à identifier les conditions conduisant à la formation de surfaces stœchiométriques de semi-

conducteurs gravés. De plus, cette thèse contribue au développement d'une méthode innovante de 

détection de molécules chargées électriquement dans des environnements liquides. 

 

Mots clés: semi-conducteur quantique III-V, nano-hétérostructure GaAs/AlGaAs, 

photoluminescence, photocorrosion, gravure sur couche photo-atomique, gravure digitale, 

biocapteur, théorie DLVO, longueur de Debye, Legionella pneumophila, Limite de détection 

améliorée, potentiel zêta bactérien 
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Abstract 

It has been known that GaAs and AlGaAs could be decomposed in aqueous environments 

and, if irradiated with photons of energy exceeding bandgap of these materials, their 

decomposition accelerates through a well-known photocorrosion process. The sensitivity of 

photoluminescence (PL) of semiconductors to the presence of surface states has been investigated 

quite extensively for many years, however it was not until recently that the measurements of PL 

were proven to be sensitive to monitor in situ photocorrosion with a sub-monolayer precision. One 

important consequence of this characteristics is a strong sensitivity of PL to the perturbation of a 

near surface electric field and transfer of the electric charge. This made photocorrosion of 

GaAs/AlGaAs nanoheterostructures appealing, as a propitious transducer, for sensing the near 

surface electric charge perturbations induced by the negatively charged bacteria.  

In this thesis, the mechanisms of photo-induced III-V semiconductor dissolution have been 

investigated by conducting inductively coupled plasma mass spectrometry (ICP-MS) of aqueous 

photocorrosion products. The experiments carried out for GaAs/Al0.35Ga0.65As 

nanoheterostructures photocorroding in DI H2O and NH4OH milieus confirmed that the digital 

photocorrosion (DIP) of these nanoheterostructure could be controlled with a sub-monolayer 

precision. The conditions leading to a congruent decomposition, defined by a constant 

photocorrosion rate, were investigated with ICP-MS measurements and a set of surface/interface 

characterization methods employing FTIR, XPS and AFM. This allowed demonstrating that, in 

contrast to the DI H2O supporting photocorrosion, the NH4OH environment leads to formation of 

stoichiometric surfaces of the investigated nanoheterostructures photocorroding by at least 100 

nm. The constant photocorrosion rate was also observed in situ by monitoring temporal positions 

of PL revealed interfaces between GaAs and AlGaAs layers. These results demonstrate the 

feasibility of a simple and relatively inexpensive process for in situ diagnostics of atomic layer 

etching of compound semiconductors that could lead to formation of stoichiometric surfaces of 

such materials.     

The study of digital photocorrosion were expanded on investigation of this process for 

sensitive detection of electrically charged Legionella pneumophila in an aqueous environment. 

The enhanced immobilization of these bacteria on the biosensor surface was confirmed with 
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electrically biased GaAs/AlGaAs biochip. Thus, a central hypothesis was that decorating naturally 

found L. pneumophila with negatively charged biomolecules should lead to a digital 

photocorrosion based detection with a much-enhanced limit of detection (LOD). In agreement with 

the zeta potential measurements, the sodium dodecyl sulfate (SDS) decorated L. pneumophila 

interacted much stronger with the photocorroding GaAs/AlGaAs biochips. This allowed detecting 

these bacteria in a diluted phosphate buffered saline (PBS) solution at 103 colony forming units 

(CFU) per ml. 

The results of this research give a deeper insight into the capability of DIP process for 

tracking down the conditions leading to formation of stoichiometric surfaces of etched compound 

semiconductors. Furthermore, this thesis contributes towards development of an innovative 

method of detecting electrically charged molecules in liquid environments. 

 

Key Words: III-V quantum semiconductor, GaAs/AlGaAs nanoheterostructure, 

Photoluminescence, Photocorrosion, Photo-atomic layer etching, Digital etching, Biosensor, 

DLVO theory, Debye length, Legionella pneumophila, Enhanced limit of detection, Bacterial zeta 

potential 
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CHAPTER 1. Introduction 

1.1. Context and Issue 

Detection of micro-organisms in foods and fluids, such as water, is an essential part of any 

health-related control and human safety plan, in order to prevent outbreaks of pathogens. Many 

conventional methods were used for detecting foodborne and waterborne pathogenic bacteria, 

however they were regularly time-consuming because of the need for growth of bacteria in culture 

media [1]. Often, some other steps such as isolation, biochemical and/or serological identification 

and sometimes sub-specific characterization, e.g. antibiotic sensitivity measurements, should be 

done in addition to these conventional methods to produce accurate results [1, 2]. There are other 

approaches, which are faster than culture-based methods, but they require the use of sophisticated 

apparatus, expensive facilities and highly qualified personnel [2]. Furthermore, these qualitative 

evaluations usually do not have sufficient sensitivity with direct testing and some growth in an 

enrichment medium is still required before attempting an analysis. Therefore, developing more 

convenient solutions than those established with traditional assay-based methods necessitates 

progress in technology and new trends in biosensing, particularly once fast and quantitative data 

are required to prevent outbreaks of hazardous pathogens.  

Currently, one of the ongoing challenges is finding low levels of bacteria in aqueous 

environment, especially in water sources, which are one of the most important vital resources 

associated with every day of human life and almost each and every living creature. Instability of 

these resources by any means not only endangers human health but also disturbs the environment. 

Currently a considerable number of people around the world do not have access to clean water and 

it will be more complicated when the population increases [3]. Although quality of water is 

important, at this point of time the main challenge is water purification, which is an involute issue 

especially in the theme of finding traces of pathogenic bacteria in water by means of a low cost, 

untroublesome and rapid technique [4]. Another important issue concerns the industrial water such 

as those used in cooling towers and evaporative condensers, since they can become the source of 

bacterial growth and propagation. Pathogenic Escherichia coli and Legionella pneumophila were 

the leading sources of contamination existing in water as they can infect and endanger human 

health with their related disease [5]. E. coli is a gram negative and rod-shaped bacterium of the 
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genus Escherichia that is commonly found in the lower intestine of warm-blooded organisms. 

Although most strains of E. coli do not cause illness, some strains were found to be the reason of 

cramps and diarrhea in humans and a particular strain (O157:H7) caused severe illness by 

producing a powerful toxin [6]. Legionella is also a gram negative, cylindrical or rod-shaped 

bacterium, which can cause Legionnaires' disease or Pontiac fever. Since its identification in 1976 

in Philadelphia, USA, it has been recognized as a pathogenic bacterium. Given conditions make 

our modern-day plumbing systems and cooling towers a good habitat for the Legionella. Inhalation 

of aerosols from contaminated water sources or contamination of waters from cooling towers with 

Legionella led to Legionella infections [7]. Outbreaks of this bacteria resulted in large numbers of 

fatalities, including the unfortunate event during the summer of 2012 in Quebec City where 182 

cases were declared among which 13 people died. In that case contamination was started from a 

cooling tower [8]. Such outbreaks demonstrated that regular monitoring systems were not efficient 

and, for that reason, frequent Legionella testing should be essentially conducted to make sure that 

bacterial concentration in the water system is under control. 

Today, control of Legionella is included in the legislation of many countries throughout the 

world, as well as Canada. The number of bacteria in water should not be more than some specified 

standards, which are normally described by health and safety organizations for each different type 

of bacteria, including Legionella [9]. This created an obligation for numerous water control tests, 

requiring a real-time monitoring of domestic and/or industrial water aimed at sensing the presence 

of pathogenic bacteria at early stages. Consequently, rigorous monitoring of industrial and 

recreational water for the presence of Legionella is required. Unfortunately, conventional methods 

have failed many times to prevent the spread of Legionella, because growth of Legionella takes 

10-14 days [10]. In addition, other state of the art techniques were either expensive, complicated 

or unreliable owing to producing too many false positive results [11]. Then, a great deal of effort 

has been directed toward designing remote biosensing platforms for providing fast and reliable 

response at a reasonable cost, with capability of being automated and regenerated [12]. Even 

though there are many outstanding progresses, thus far, to our knowledge, none of them were 

satisfactory. For instance, Surface Plasmon Resonance (SPR) [13], Surface Acoustic Wave (SAW) 

[14], and Electrochemical Impedance Spectroscopy (EIS) [15] have been used to detect Legionella 

and E. coli, but they suffered from more or less major problems for instance high cost of chemical 
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materials and employed systems, large variability in results, being impossible or difficult to 

automate the system, lack of possibility for reusing the biosensor and need for bulky equipment. 

Meanwhile, semiconductors’ optoelectronic properties made them one of the most promising 

approaches for biosensing transducers. They could be miniaturized to an extremely small size and 

could provide rapid response to environmental changes as well they were capable of achieving 

remarkable sensitivity perhaps down to the molecular-level counting. For example, specific 

binding of a single molecule using silicon-based nano-wires [16, 17] and carbon nanotubes [18] 

have been recently reported. Some other semiconductor-based sensors were also developed for 

liquid-phase sensing for example ion-sensitive field effect transistors (ISFETs) [19].  Liquid-phase 

sensors based on silicon [20], gallium nitride [21, 22], diamond [23, 24] and lately gallium arsenide 

(GaAs) [25] were also investigated. 

GaAs is a high electron mobility compound semiconductor that allowed fabrication of 

advanced devices, operating at high frequencies. Since the GaAs and AlGaAs have nearly identical 

lattice constants, the band-gap of their heterostructure could be flexibly engineered to create the 

two-dimensional electron gas (2DEG) devices [26, 27]. Above all, optically confined 

GaAs/AlGaAs epitaxial heterostructure exhibited strong PL in near-infrared window, where the 

biological samples have minimal absorption (700 nm to 1300 nm) [28]. This made GaAs/AlGaAs 

heterostructures an attractive choice for photonic biosensing applications chiefly for monitoring 

biological activities and detection of pathogenic bacteria. Then, the quantum semiconductor 

photonic biosensing (QSPB) technology for monitoring the presence of biomolecules in aqueous 

environments and monitoring inter-molecular reactions in the vicinity of the semiconductor 

surface was proposed [29]. Initially, PL emission intensity of specially designed quantum 

semiconductor nanoheterostructures allowed detection of E. coli at 104 Colony Forming Unit 

(CFU)/ml in less than 2 hours, which was a relatively short time compared to most available 

techniques [25]. Temporal PL characteristics of GaAs/AlGaAs nanoheterostructures were later 

investigated for in situ detection of E. coli bacteria down to 103 CFU/ml [30]. Thus, the QSPB 

technology offered an attractive sensitivity with a fast response time. Not surprisingly, cost of 

biosensor-based diagnostic has been considered an important issue [31], and PL technique has 

shown some promise in this respect. Accordingly, the QSPB technology was found potentially a 

very good candidate to improve the process of bacterial detection in bio-recognition based 
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applications, exclusively whenever frequent, fast and cost-effective tests were the main 

prerequisites. 

1.2. Research Question 

Although the results obtained with the QSPB technology were favorable, more rigorous 

research was necessarily required to establish an enhanced biosensing system based on the 

photocorrosion phenomena that could be offered as an alternative for frequent testing of industrial 

water for detecting L. pneumophila. At the top of the list, there was understanding of the 

mechanism of photo-induced oxidation and dissolution of GaAs/AlGaAs nanoheterostructures, 

whether this technique could be incorporated into nano-scale etching of compound 

semiconductors, and what advantages would it bring in for such an application?  

Concurrently, what were the fundamental mechanisms, playing a crucial role in defining the 

sensitivity of this system for bacteria detection? Would it be possible to implement this system in 

detection of L. pneumophila with comparable outcomes to that of previously published results for 

E. coli? Most importantly, regarding the latter question, could it be possible to enhance the limit 

of detection (LOD) of this biosensor, using uncomplicated, and low-cost techniques? Ultimately, 

what would be the LOD of this system, employing the proposed enhanced techniques, for finding 

traces of L. pneumophila in water? 

1.3. Objectives and Hypothesises of the Research Project 

In consideration of the aforementioned discussions, the present thesis deals with investigation 

of the photocorrosion effect for biosensing in aqueous solutions. The work covers the underlying 

mechanism of photo-atomic layer etching (photo-ALE) of GaAs/AlGaAs nanoheterostructures 

with implication for stoichiometric and nanoscale etching of III-V materials. The PL intensity 

oscillations due to atomic-layer etching of semiconductor nanoheterostructures have been used as 

the principle strategy for detection of bacteria immobilized on the surface of biofunctionalized 

GaAs/AlGaAs nanoheterostructures. Hence, the central goal is investigation of advanced 

techniques for improving the LOD of this biosensing platform for enhanced detection of L. 

pneumophila in water. To this end, the main objectives of the present research are classified as 

follows: 
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First, elucidating the fundamental aspects of photo-induced material removal and 

formation of stoichiometric III-V surfaces. Here, the hypothesis was that photocorrosion of 

GaAs/AlGaAs nanoheterostructures could be controlled down to sub-monolayer resolution, while 

the stoichiometry of the etched surface was preserved. This is of importance to the advancement 

of digital photocorrosion (DIP) for photo-ALE processing of GaAs/AlGaAs and other III-V 

nanoheterostructures. To address this, inductively-coupled plasma mass spectrometry (ICP-MS) 

was employed for a systematic analysis of aqueous environments, in which the photo-ALE of 

GaAs/Al0.35Ga0.65As nanoheterostructures was carried out. Furthermore, the low temperature (20 

°K) and room temperature PL characteristics of GaAs/AlGaAs were investigated. Lastly, using 

state of the art characterization techniques, such as AFM, FTIR, and XPS, the surface of processed 

samples was studied.  

Second, demonstrating detection of L. pneumophila as the main and the most important 

target of the research conducted thus far, using photonic response of GaAs/AlGaAs 

nanoheterostructures. The assumption was that by selecting an appropriate bioreceptor for 

selectively immobilizing L. pneumophila on the surface of a biosensor, these bacteria could be 

detected using photocorrosion technique. Moreover, it was hypothesized that the Debye length 

could be altered to further intensify the charge effect of bacteria. In spite of the recent publications 

on this relatively new approach for detection of E. coli, an extensive evaluation was required, 

especially in the context of biophysical properties of different bacteria and potentially their 

different surface electric charge and immobilization efficiency. To address these concerns, surface 

electric charge effect of various bacteria was determined using zeta potential measurements and 

the binding efficiency was evaluated by fluorescence and optical microscopy. Hence, the potential 

problems and obstacles concerning the LOD of QSPB technology for detection of L. pneumophila 

were explored. 

Third, improving bacterial adhesion to the surface of biosensor for enhancing LOD. The 

presumption included reducing the surface repulsion effect to facilitate bacterial immobilization 

at the surface of bio functionalized semiconductors. The bacterial adhesion process was studied 

based on the previously developed models of the DLVO theory and semiconductor band energy 

structure in an electrolytic environment. For that purpose, a microfluidic setup for electrically 
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biasing biochips was designed and implemented. Then, the electrochemical impedance 

spectroscopy system was applied for providing precise control over electrical bias measurements.  

Fourth, enhancing the LOD of photocorrosion based biosensors by modifying the bacterial 

electric charge. The hypothesis was that the surface electric charge of bacteria could be modified 

in a way that bacterial negative charge increases, leading to an enhanced LOD. For such an idea, 

conjugation of synthetic molecules that carry multiple negative charges to the surface of bacteria, 

mechanisms of interaction of bacteria with these organic moieties and other critical aspects of 

decorating bacteria were studied. 

1.4. Original Contributions and Thesis Layout: 

 The chapters of this thesis are ordered in a way to, at first, provide a clear definition of the 

photocorrosion process and its implication for atomic layer etching of GaAs/AlGaAs 

nanoheterostructures. Then, the biosensing application for detection of L. pneumophila as well as 

the nature of bacteria detection with a photocorrosion biosensor is explained. Finally, the enhanced 

methods that were employed for improving the sensitivity of such a platform are discussed along 

with the related details. Details of the original contributions for each chapter are explained in the 

following paragraphs. 

The present chapter introduces the research project and defines the research objectives. It 

also highlights the original contributions of this research. 

Chapter 2 reviews conventional approaches as well as development of biosensors for 

detection of bacteria in aqueous environment along with their related critical aspects, such as 

technological pros and cons, dynamic range of their performance, LOD, etc. This chapter exposes 

the picture of the presented research objectives in more depth. Besides, biosensing based on 

electric charge of bacteria and photonic behaviour of quantum semiconductors is elaborated in this 

chapter.  

Chapter 3 presents a comprehensive study of GaAs/AlGaAs nanoheterostructure 

photocorrosion, putting forward a viable technique for sequential (digital) atomic layer etching of 

GaAs/AlGaAs nanoheterostructures while potentially maintaining the stoichiometry of the 
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photoetched surfaces. The essence of this chapter includes establishing, with ICP-MS, the 

conditions of achieving congruent decomposition, which is required for producing a stoichiometric 

surface. Notably, it is argued and proved that the surface stoichiometry can be examined in situ, 

instead of using ICP-MS, by measuring the temporal position of PL-revealed interfaces of GaAs-

electrolyte, AlGaAs-electrolyte and GaAs-AlGaAs. Using ICP-MS data, it is confirmed that the 

proposed technique resulted in homogenous digital photoetching of GaAs/Al0.35Ga0.65As 

nanoheterostructures in NH4OH, for etch depths approaching 100 nm. It is also shown that the DIP 

process of GaAs/AlGaAs nanoheterostructures allowed an atomic layer precision of material 

removal without the need of changing the hardware that, normally, is required by the conventional 

digital etching methods. Finally, the feasibility of a simple and relatively inexpensive process for 

fabrication of compound semiconductor nanodevices, with stoichiometric surfaces extending deep 

into etched nanoheterostructures is discussed in this chapter. This chapter is in preparation for a 

journal publication. 

In Chapter 4, detection of L. pneumophila using a photocorrosion based biosensor is 

demonstrated. The main biophysics differences of L. pneumophila compared to E.coli K12 are 

exposed, and the role of ionic strength of phosphate buffered saline solution is extensively 

discussed. Cooperation of these findings led to experimentally establishing a LOD of 104 CFU/ml 

for L. pneumophila. This chapter reveals the importance of the Debye screening length, which 

relates to the zeta potential of bacteria, and eventually the LOD of the biosensor.  Prior to this 

research, a hyperspectral imaging PL mapper was employed for detection of E. coli K12 using 

GaAs/AlGaAs nanoheterostructures [25, 30]. Conversely, in this chapter, design and application 

of a portable and miniaturized device for optical reading of the quantum semiconductor biosensor, 

referred to as quantum semiconductor photonic biosensor reader (QSPB Reader) is demonstrated. 

It is shown that QSPB Reader provides the conditions to obtain excellent temporal PL 

characteristics. This chapter provides also the proof of heterostructure layer removal with the DIP 

process, using low temperature optical spectroscopy carried out at the Department of Physics of 

Université de Sherbrooke. This chapter has been published in the Biointerphases journal. 

Chapter 5 discusses an approach in which the electrically biased biochip was proposed for 

attracting more bacteria to the surface of a biosensor, aiming at improving the transfer of the 

bacteria to the surface of the biosensor and eventually enhancing LOD. Applying electrical bias to 
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biochips increased the number of immobilized bacteria, however the oxidation/dissolution of the 

surface due to the electrochemical reaction of GaAs imposed some limitations. The required 

conditions and the challenge with engaging the electrical bias method on the semiconductor-based 

biosensor are discussed. This chapter is published in Synthesis and Photonics of Nanoscale 

Materials XIII (Proceeding of SPIE). 

Chapter 6 addresses the problem of a biosensor detecting electrically charged 

biomolecules. It presents an innovative technique of nanoengineering the functional groups of 

bacterial surfaces for improving their negative charge, which leads to an enhanced LOD of a 

biosensor. It is shown that decorating the surface of bacteria with negatively charged molecules of 

different moieties can increase the net negative charge of bacteria, however the efficiency of 

interaction of molecule with the surface of bacteria and the magnitude of the electric charge 

enhancement strongly depends on the interaction type, e.g. electrostatic interaction, covalent 

binding or hydrophobic interaction. This chapter focuses on hydrophobic interaction of sodium 

dodecyl sulphate with bacteria and its effect on viability and binding ability of bacteria. We 

successfully demonstrated detection of heat inactivated L. pneumophila with a reproducible LOD 

at 103 CFU/ml, which represents one order of magnitude improvement compared to our previously 

published data. This chapter has been submitted for the Biosensors and Bioelectronics journal.  

Chapter 7 offers a brief summary and overview of the entire thesis. The perspective and 

suggestions for future work are explained in this chapter. 
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CHAPTER 2. State of the Art  

Design and implementation of a biosensing system that can satisfy the specified 

requirements for a particular environment, such as water, requires information about the available 

techniques and their advantages/limitations, so a plausible method of interest could be proposed 

and developed. Hence, the present chapter starts with describing biosensor and providing analysis 

of the modern techniques that were technologically advanced over the past years for detection of 

some biomolecules. Subsequently, the photoluminescence (PL) transducer, as the core of this 

study, is introduced and in the light of recent progresses that were made, the main drawbacks of 

PL based biosensing, to be addressed, are exposed. For further clarification of the objective of the 

thesis as well as justification of the proposed solution with respect to the hypothesis presented in 

chapter 1, critical aspects for enhanced detection of bacteria, such as semiconductor electrolyte 

interface, nature of bacterial electric charge effect and bacteria adhesion mechanism are also 

described here. This chapter ends with comparing the performance of PL technique in with other 

common biosensing methods, employed for detection of E. coli and L. pneumophila in water. 

2.1. Biosensors 

Biosensors are analytical devices that can provide quantitative or qualitative information 

about presence of an analyte in the environment of interest. In general, they consist of a bio-

receptor to recognize the interrogating molecule (analyte), a transducer to convert the bio-

 

Figure 2-1. Schematic view of a biosensing system for detection of bacteria. 
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recognition event into a properly measurable signal and a biosensor reader, which presents the 

signal produced by the transducer in a user-friendly way. Figure 2-1 shows a schematic 

representation of a typical biosensing system. 

Biosensors could be classified according to the type of employed bioreceptor or the mode 

of signal transduction or even the combination of both aspects. In these systems, bioreceptor 

determines the degree of selectivity or specificity of the biosensor and they are divided as 

biocatalytic, bioaffinity and hybrid receptors. Biocatalytic receptors are generally based on the 

detection of organic compounds assimilated by the microorganisms or monitoring changes 

occurring in respiration activity during metabolism. The interaction of biological material and the 

target analyte could modify the analyte into the new chemical molecules. They mostly contain 

enzyme, whole cells and plant or animal tissue slices. Sensors based on biocatalytic receptors are 

usually slow and they show low selectivity [32]. Bioaffinity receptors, on the other hand, work 

based on binding of the analyte to the biomolecule on the biosensor. These are mainly composed 

of antibodies, nucleic acids etc. They selectively interact with a given analyte and form a 

thermodynamically stable complex [33]. Depending on the availability of this type of receptor, the 

affinity biosensors delivered an excellent degree of specificity and selectivity in the case of 

immunosensors, in spite of the fact that sensitivity of the method also strongly depends on the 

engaged detection method. Remarkable specificity of antibodies toward antigens offered powerful 

antibody-based biosensing systems [34]. Lastly, hybrid receptors such as DNA and RNA are based 

on detection of a unique sequence of nucleic acid bases through hybridization. They take advantage 

of base-pairing property for sensing duplex formation of a single strand, which recognizes its 

 

Figure 2-2. Different type of bio-receptors enabling us to specifically recognize analyte of 

interest.  
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complementary strand [35]. Figure 2-2 shows some of these receptors used for specific 

recognition of the analyte. 

The biological analyte can introduce different types of variation resulting in mechanical, 

electrical and optical characteristic variations. Using an appropriate transducer, each of these 

alterations is recognizable, thus biosensors could also be categorized regarding the type of 

produced and/or detection signal [33]. Nonetheless, the nature of selected phenomena, viz. type of 

the transducer, for analysis of a specific analyte has direct impact on the achievable outcomes. In 

the field of biosensing, transducers receive the biggest research interest, because not only they 

determine the overall quality of the system, but also they contribute to define the detection limit 

and the sensitivity of a biosensing platform. For the most part, bioreceptors control the amount of 

analyte delivered to the transducer and it directly affects the limit of detection (LOD), besides 

selection of a bioreceptor depends on availability of a specific biocomponent. In due course, the 

sensitivity of a biosensor is determined by the minimum-required quantity of analyte for creating 

a measurable detection signal. In other words, sensitivity of a biosensing system predominantly 

depends on the intrinsic characteristics of the transducer, but LOD depends on the efficiency of 

bringing the analyte of interest to the activity scope of transducer.  

2.2. Transducers 

The type of a transducer defines the detection signal and ultimately the form of a biosensor 

reader that subsequently regulates the cost of the biosensing platform. Consequently, in the design 

of a biosensing platform, the transduction element is the major part of its building block. Different 

types of bio-transducers based on electrochemical, gravimetric, electronic, and optical signals have 

been used for conversion of a physical phenomenon to a measurable signal. Here, each of these 

systems is briefly described and whenever available, examples of bacteria biosensing for each class 

of transducers are discussed. At the end of this section, a comparison of the principle, advantages 

and problems for each class of transducer is provided and their typical sensitivity (dynamic range) 

and limit of detection are also indicated.    

2.2.1. Gravimetric Transducers  
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Gravimetric transducers generally produce a response to the mass changes and, in the most 

common form, they employ mechanical acoustic waves for biosensing. These transducers were 

developed based on piezoelectric quartz crystals, either as quartz crystal microbalance (QCM), or 

as surface acoustic wave (SAW) devices. In QCM, classified as bulk acoustic wave device, the 

acoustic wave propagates through the bulk, whereas in SAW the acoustic wave propagates through 

the surface and this made them more suitable for performing in liquid environments, since in the 

liquid the propagated wave could be attenuated [36]. Furthermore, SAW operates at higher 

frequencies (GHz rather than MHz) that brings about higher sensitivity by reducing the acoustic 

wave penetration depth into the adjacent medium [37]. Figure 2-3 depicts the schematic view of 

a QCM setup and a SAW system. The QCM uses a quartz crystal resonator, which has been 

sandwiched between two electrodes (often gold) and it measures a mass per unit area by measuring 

the changes in frequency of quartz crystal resonator. The gold electrodes are used to induce an 

oscillating field and any disturbance to the surface of crystal immediately affects the oscillation 

frequency [38]. The performance of this biosensing systems was described by Sauerbrey equation, 

as follows: 

2

02 f

pAf
m

qq−
=     (2-1) 

where m  is the adsorbed mass per unit area, f is the frequency change, A is the area of the 

gold, 0f  is the fundamental mode resonant frequency of the crystal (for an AT-cut crystal the usual 

 

Figure 2-3. Quartz Crystal Microbalance (QCM) setup (a), Surface Acoustic Wave setup consist 

of piezoelectric crystal with two interdigital transducers on its sides (b). Adopted from (Fogel et 

al. 2016). 
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frequency range is ~ 10 MHz), 
qp is the density of quartz and 

q is the shear modulus of quartz 

[39]. 

The SAW based biosensor generates and detects acoustic waves typically using interdigital 

transducers (IDT), which are fabricated on the surface of a piezoelectric (ST-cut crystal) thin film, 

deposited on a substrate (e.g. silicon-based). In the path of the traveling wave between the two 

interdigital transducers, whenever bacteria bind to antibody the mass of the bio-layer will be 

altered. Hence, loading of mass perturbs the surface boundary conditions and consequently shifts 

the frequency of the traveling SAW [37]. It is also possible to measure the delay of acoustic wave 

travel between the two IDTs [38]. For detection of bacteria in water, the acoustic piezoelectric 

sensors usually employ shear waves rather than longitudinal waves, since they have lower 

attenuation values when operating in aqueous solution [40]. Using SAW biosensor, Howe and 

Harding reported detection of E.coli and Legionella at concentrations of 105 and 106 CFU/ml, 

respectively,  in about 3 hours [14].  

In a more advanced setup, Micro- and nano-electromechanical systems (MEMS and 

NEMS) allowed engaging a cantilever structure in mass sensing mode by taking advantage of a 

piezo-resistor element. In this system, the bio-recognition event occurs on the biofunctionalized 

side of the cantilever, then a change in surface mass results in a measurable variation in vibrating 

frequency of the cantilever. This could be measured using a piezo-resistor incorporated at the fixed 

 

Figure 2-4. Schematic view of a cantilever structure used in mass sensing, along with the 

descriptive formulation of device performance. Adopted from (Bashir et al. 2004).  
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edge of the cantilever [41]. Bio-MEMS/NEMS are attention-grabbing due to their dimensional 

scales as well, because they can deliver very sensitive measurements when incorporated with 

optical monitoring of vibrations [42]. For the purpose of bacteria detection in a water environment, 

Bio-MEMS and Bio-NEMS, in addition to the acoustic wave based biosensors, faced some 

limitations due to fluid damping as well the complication in electrical interfacing in liquid [38]. 

Figure 2-4 graphically illustrates the principle and formulation of the cantilever structure in a 

simple view. The ∆m could be calculated by measuring the resonant frequency at loaded and 

unloaded situations [41]. 

2.2.2. Electrochemical Transducers  

Electrochemical transducers provide specific, quantitative or semi-quantitative analytical 

information based on the study of redox reactions taking place at the interface of an electrode 

coated with a bio-sensitive receptor. These reactions take into account the exchange of electric-

charges/ionic-species between the biofunctionalized electrode and the electrolyte [43]. As a result, 

there are variety of measurable changes such as change in the electrical current associated with the 

electrons of redox processes (amperometric), change in electrode potential because of charge 

accumulations (potentiometric) and change in conductance (conductometric) or impedance 

(impedimetric) of the ionic medium between the electrodes [44]. In general, this method uses a 

three-electrode setup consist of a working electrode, a reference electrode (commonly Ag/AgCl) 

and a counter electrode (mostly platinum, gold, carbon), as shown in Figure 2-5. Reference 

electrode enables precise measurements by providing a well-defined and a stable potential. 

 

Figure 2-5. Schematic view of a three-electrode electrochemical setup. The working electrode is 

biofunctionalized with antibodies to capture bacteria. Adopted from (Mello et al. 2002). 
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Amperometry identifies the variations in the electrical current, at a constant applied 

potential, due to the ions originating from the oxidation/reduction reactions in a solution, and its 

response is a linear function of (directly proportional to) the concentration of the analyte. However, 

the sensitivity of these devices is only governed by the redox potential of the presented electro-

active species, consequently the current that is measured by the instrument can include the 

contributions of several chemical species [45]. Furthermore, this sensor is not universally 

applicable, since all analytes are not capable of serving as redox partners in the electrochemical 

reactions [44]. By means of standard immunoassay amperometry technique, Zeynep et al. reported 

detection of E. coli with LOD of 1.99 × 104 CFU/ml, which was later significantly improved using 

nanomaterial amplified immunoassay [46].  

Conductometric/Impedimetric technique senses the changes in the conductive properties 

of medium between the electrodes and in this case the sensitivity of the system depends on the 

ability of the medium to conduct electrical current [44]. Normally, conductometric transducers are 

considered as a subset of impedimetric transducers, which measures both resistance and 

capacitance variations due to a bio-recognition event. In this approach a sinusoidal electrical 

potential is applied between the electrodes and the electrical current is measured. Then, by varying 

the excitation frequency of the applied potential the impedance components could be determined. 

This technique combines the analysis of both real and imaginary components of impedance 

(electrical resistance and reactance) as shown below: 
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where Z is the complex impedance, U is the applied potential, I is the current response and f is the 

excitation frequency [44]. The conductivity of the solution depends on the number and type of 

ions, temperature and the viscosity. This implies that the main problems of this type of sensors are 

their sensitivity to the environmental temperature changes, the fluctuations in amounts of dissolved 

gases as well the degradation of culture medium during bacterial incubation [43].  

Potentiometric technique discerns the surface charge accumulations at the working 

electrode, thus it is a sensitive method for detecting electrically charged species. Using a high 

impedance voltmeter, the potential of the working electrode, also called ion selective electrode 
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(ISE), versus a reference electrode is measured, while the current flow is negligible. Then, the 

relation between the potential variations and logarithm of the analyte concentration could be 

described by the Nernst equation, as follows [47]:  

Q
nF

RT
EE cell

o

cell ln−=     (2-3) 

where cell
oE  is standard electrode potential, R is the universal gas constant, T is the absolute 

temperature in Kelvin, n is the charge number of the electrode reaction, F is the Faraday constant 

and Q is the ratio of ion concentration at the anode to ion concentration at the cathode. These 

devices are mainly used as a pH sensor.  

2.2.3. Electronic Transducers 

In this approach the electronic properties of a semiconducting material, such as electron 

transport, is tuned or affected by the presence of an analyte. For such a purpose, field effect 

transistors have been widely designed for converting molecular properties to electronic signal [27]. 

Electronic transducers, typically in form of an ISFET (Ion-Sensitive Field-Effect Transistor), are 

in fact another version of electrochemical transducers that employ the channel of a transistor to 

measure the current variations due to the potentiometric effect at a Gate terminal surface [43, 44]. 

As the main advantage, these types of sensors can be conveniently integrated into the 

 

Figure 2-6. An ion sensitive system based on based on field effect transistors (a), the pH 

response of device according to VGS (b), and the I-V characteristics of the transistor, showing 

the threshold voltage for starting the electron channel formation (c). Adopted from (Pohanka et 

al. 2017). 
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microelectronic systems with a high throughput [48]. Figure 2-6 shows an ISFET structure, which 

has been usually used as a pH sensor [49]. Depending on the doping type of the semiconducting 

material, the presence of sufficient charged biomolecules at the Gate terminal would either attract 

charge carriers (e.g. electrons) or repel charge carriers in the conducting channel between the 

Source and the Drain terminals of transistor. This would hence alter the conductance between 

them, namely slope of I-V curve, which can be associated to the analyte concentration (or pH) at 

the Gate terminal. 

2.2.4. Optical Transducers 

With the developments of optical systems as well as laser technology, optical transducers 

have been more frequently considered in biosensing application. Optical bio-transducers transform 

the bio-recognition event into an optical signal [43]. These transducers use photons in order to 

collect information about the analyte that makes them highly sensitive, specific, and most 

importantly they can be effectively miniaturized. Interaction of the bioreceptor with the target 

analyte can change the photonic properties such as fluorescence/phosphorescence, reflectance, 

scattering and refractive index that are all distinguishable by optical biosensors.  

2.2.4.1. Surface Plasmon Resonance (SPR): 

In the context of optical transducers, SPR received considerable attention. This system 

collects data based on refractive index variations at the interface of two materials with opposite 

sign permittivity [50]. Figure 2-7 shows the schematic view of a SPR system, along with the type 

of produced signal. Typically, a gold/silver coated glass slide is incorporated as one of the walls 

of a thin flow-cell. The metallic part is covered with the bioreceptor and then the target analyte is 

flowed through the flow-cell. Beams of visible or near infrared light excites the interface of 

metal/glass to provide the plasmon resonance condition. The energy carried by photons will be 

coupled or transferred to electrons of the metal and results in the creation of a plasmon, which is a 

group of excited electrons on the surface of the metal [51]. Immobilization of the target analyte 

can affect the plasmon resonance, which is monitored by following the change in the angle of 

reflection, shown in Figure 2-7 (b), or shift in the wavelength of absorbed light, shown in Figure 

2-7 (c). Therefore, SPR can provide information about the density of the analyte in the vicinity of 

the gold/glass interface, typically with distance of less than 200 nm [52]. However, most of bacteria 
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are relatively large objects, for instance E. coli is ~ 0.5 µm in width and ~ 2µm in length [53]. This 

can significantly affect the detection limit of SPR [54]. Notwithstanding, Usachev1 et al. reported 

LOD of 1.5 × 103 CFU/ml for detection of E. coli using a SPR system [54]. 

 

Figure 2-7. Schematic view of a typical SPR system (a), monitoring the angle at which the reflection 

is minimum (b), monitoring the wavelength at which the absorption of reflected light is maximum 

(c). Adopted from (Mello et al. 2002). 

2.2.4.2. PL Transducers: Latest Trend for Analyzing Bio-Molecular Interactions  

In the study of surfaces and interfaces, the PL characterization method is a popular 

technique, because it is flexible and can be used to assess a surface in almost any environment, as 

well it is one of the approaches available for measuring fast optical transitions in materials, 

especially semiconductors [55]. Chemisorption of some species can induce surface states 

possessing energy within the bandgap of the semiconductor. In that respect, modification of the 

GaAs surface has been considered as one of the most efficient techniques to control its surface 

electronic, for instance using organic molecules [56]. As one of the latest applications, PL based 

study of surfaces’ perturbation induced by electrically charged biomolecule was reported, showing 

promising results for detection of E. coli [25, 30]. The PL of a semiconductor is very sensitive to 

its surface potential, and the bacterial cell surface carries a net charge (mostly negative under 

normal physiological conditions) [53]. Once bacteria are close enough to the surface of a 

semiconductor, they can affect the surface potential of the semiconductor and change the PL 

characteristics. This makes PL transducer an attractive approach for in situ monitoring the presence 

of charged particles such as bacteria in water. Bacteria can impact the PL emission intensity by 

changing the surface recombination velocity (SRV) [57], at the same time they can change the 

temporal PL kinetics by changing photochemical reactions, taking place at the 

semiconductor/electrolyte interface. In such a case, heterostructures are very important, as they 
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can provide some efficient and specific characteristics, such as current density oscillations [58] or 

PL intensity extremums [30]. Figure 2-8 compares the PL profiles of an n-type bulk GaAs and a 

GaAs/AlGaAs nanoheterostructure both exposed to DI-water. Absorption of light creates photo-

excited carriers in a semiconductor. For an n-type semiconductor in an electrolytic environment, 

holes come up to the semiconductor/electrolyte interface and the electron moves toward the bottom 

of the sample, owing to the interface electric field. This could lead to photonically induced 

corrosion, known as photocorrosion, of the semiconductor and some modification of its surface 

morphology, consequently an increment of the semiconductor PL-intensity could be observed [59, 

60]. For the GaAs/AlGaAs nanoheterostructure, depending on the designed structure, this leads to 

appearance of some explicit temporal PL extremums. The mechanism of such a temporal PL 

behavior is broadly explained in chapter 3. Nevertheless, even though the initial photochemical 

reaction is similar for both samples in Figure 2-8, the temporal PL of a GaAs/AlGaAs 

nanoheterostructure provided more pronounced PL intensity increment compared to an n-type bulk 

GaAs. Hence, one can monitor the position of PL maximum intensity versus time, in order to 

obtain information about the involved surface chemistry. The principle of detecting bacteria using 

semiconductor photocorrosion is explained in detail in the next section of this chapter.  

 

Figure 2-8. Comparison of temporal PL-intensity variations from an n-type bulk GaAs (a) and a 

GaAs/AlGaAs nanoheterostructure (b), both carried out in DI H2O with duty cycle of 6/60 and 

power density of 40 mW/cm
2
. 

Figure 2-9 shows the results for detection of E. coli obtained using a PL transducer. By 

only monitoring the PL intensity increment, Duplan et al. demonstrated detection of E. coli in 
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phosphate-buffered saline (PBS) solution with LOD down to 104 CFU/ml [25]. They showed that 

the increased PL intensity of GaAs based biochips could be correlated to the concentration of 

negatively charged E. coli in PBS, as presented in Figure 2-9 (a). Alternatively, Nazemi et al. 

monitored temporal PL intensity maxima of GaAs/AlGaAs nanoheterostructures for E. coli 

detection, shown in Figure 2-9 (b). It was presumed that immobilization of negatively charged 

bacteria slowed down the photochemical processes at the interface of the 

semiconductor/electrolyte, leading to the delayed PL maximum-intensity appearance, compared 

to the PL profile of a well-defined reference sample (a sample that has not been exposed to 

bacteria). 

 

Figure 2-9. PL intensity of GaAs based biochips versus E. coli concentrations (a), temporal PL-

intensity profile of GaAs/AlGaAs nanoheterostructure for different concentration of E. coli (b). 

Figures (a) and (b) were adopted from (Duplan et al. 2011) and (Nazemi et al. 2015), respectively.  

2.3. Principles of PL Based Detection of Bacteria Detection in Water  

Interpreting and modeling the performance of a PL based biosensor is a complicated 

challenging subject, since it is a highly interdisciplinary field of research, comprising of physics, 

biochemistry and microbiology. Nonetheless, the most important aspects related to the 

semiconductor-PL based biosensors could be categorized as i) formation of a double layer at the 

interface of semiconductor/electrolyte, ii) nature of the photocorrosion process and iii) effect of 

the bacterial surface charge on the photocorrosion process due to the interaction of double layers. 

These features are systematically discussed in the following 3 sections. 
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2.3.1. Semiconductor in Electrolyte and Double Layer Formation 

Figure 2-10 displays the schematic view of a double layer formed on an n-type 

semiconductor. When we bring a semiconductor in contact with an electrolyte, the difference 

between the work function of the two side materials imposes a transient charge transfer, which 

will tend to zero after reaching the thermodynamic equilibrium condition. Therefore, the Fermi 

levels of both components will adopt an equal value at their interface and will force redistribution 

of the charge carriers. At the surface of the semiconductor, this causes formation of a region 

depleted of majority carriers called space charge region or depletion region, leading to surface 

band bending that is upward for n-type or downward for p-type semiconductors [61]. Besides, the 

electric field associated with the depletion region at the surface dissociates the electron-hole pairs 

at the semiconductor/electrolyte interface, which results in the reduced PL intensity for GaAs [62]. 

Furthermore, the electric field of the depleted region extends to the electrolyte and adsorbs ions on 

the surface of the semiconductor to create the Stern layer (see Figure 2-10), that is strongly 

adsorbed to the semiconductor surface. To satisfy the charge neutrality, a second layer named 

diffuse layer is created that is loosely bonded to the Stern layer ions. The Stern and diffuse layers 

(also called double layer) generate some extrinsic surface states that are mainly governed by the 

type of electrolyte. In this condition, not only the accumulated holes (for n-type semiconductor) 

cannot participate in the PL signal formation but also, they adsorb an electron from the electrolyte 

and participate in the current (if there is an electrically closed loop) [63].  

 

Figure 2-10. Schematic view of semiconductor/electrolyte interface, representing Stern and diffuse 

layers. Adopted from (van de Krol et al. 2012). 
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2.3.2. Photocorrosion: Photo-Electrochemical Reactions Influencing PL Profile 

At the GaAs/electrolyte interface, the semiconductor material can undergo an oxidation 

process (oxide development) depending on many parameters including pH, ionic strength of 

electrolyte and the presence of an excitation energy that could be provided by photons possessing 

energy larger than the semiconductor band gap. Semiconductors are capable of absorbing light 

with energy higher than their band gap and consequently creating photo-excited carriers. In the 

case of n-type semiconductor, the electric field created at the surface will push the holes toward 

the semiconductor/electrolyte interface, whereas electrons will travel toward the bulk region [64]. 

Therefore, these holes induce the oxidation process, which experimentally proved to affect the 

spectral and temporal PL characteristics of bulk-GaAs [65]. Figure 2-11 shows a graphical view 

of how photo-excited carriers are driven to/from the surface due to the surface band bending, as 

well the generally accepted photochemical reaction for GaAs [30]. Therefore, the rate of this 

process can be regulated by the number of hole-carriers from GaAs or the number of electrons 

from electrolyte reaction species. As generally accepted, for the III-V semiconductors the holes 

are responsible for initiating the oxidation of semiconductor surface. Hence, the degree of the 

surface modification process is a function of the band bending condition, as well as the 

concentration of reduced ions. Therefore, if some charged particles, such as bacteria, approach the 

semiconductor surface and change its band bending, this will affect the oxidation (surface 

modification) rate, thus changes the PL kinetics. By monitoring the temporal PL of a 

semiconductor nanoheterostructure, this rate variation can be determined and correlated to the 

presence of charged particles. This has been previously employed for detection of E. coli [30] and 

initially studied by Aithal et al. [108]. However, a more systematic approach was required towards 

the analysis of photocorroding GaAs/AlGaAs nanoheterostructures and providing a semi-

quantitative description of the process.   

 Hence, in the present thesis, PL spectroscopy at low temperature was employed to investigate the 

photocorrosion process of GaAs/AlGaAs nanoheterostructures in an aqueous solution for 

providing concrete evidence for capability of a PL based system to precisely support nanometer 

scale optically driven etching of semiconductor layers. Furthermore, to investigate the dynamics 

of photon induced semiconductor dissolution, inductively coupled plasma mass spectrometry was 

conducted on the residual product of GaAs/Al0.35Ga0.65As nanoheterostructures photocorroding in 
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deionized water or ammonium hydroxide. The surface characteristics of photoetched samples were 

further analyzed with X-ray photoelectron spectroscopy, Fourier transform infrared absorption 

spectroscopy and atomic force microscopy. 

 

 

Figure 2-11. Photo-carrier generation and reaction at the interface of n- type GaAs and water. 

 

2.3.3. Bacteria Characteristics: Double Layer and Zeta Potential  

Almost all particles suspended in an electrolyte have a surface charge, which affects the 

distribution of counter ions in the solution and gather them around the particle, creating a double 

layer region over which the influence of surface charge is extended. Once again, electrical double 

layer consists of a Stern layer, the first layer of counter ions that are tightly attracted to the particle 

surface, and the diffuse layer, where ions are loosely bound and they screen the charges of the 

Stern layer. When the particles move, the ions in closer distance to their surface, up to a certain 

extent, will also move with particles. The surface of hydrodynamic shear or slipping plan is defined 

as the boundary beyond which the ions do not move with the particle movement and the electro 

kinetic potential or zeta potential is defined as the potential of this point (distance) [66]. Figure 2-

12 displays a particle with the boundary of double layer and slipping plane, where the zeta potential 

is basically defined.  

In the case of bacteria, protonation and dissociation of functional groups at their surface 

create an electrically charged surface. In fact, at physiological pH values, i.e. between 5 and 7 the 

surfaces of almost all bacteria (except a few of them) are negatively charged owing to the presence 
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of proteins and other wall and cell membrane components containing phosphate, carboxyl and 

other acidic groups [53]. Bacteria could be captured near the semiconductor surface covered with 

antibodies targeting specific bacteria. After the molecular interactions between bacteria and 

antibodies become dominant, for n-type semiconductor, the negative charge of bacteria repels the 

negative ions (responsible for dragging hole from semiconductor) at the surface of GaAs and leads 

to lowering of band bending and thinning of the depletion region. Hence, lower amounts of holes 

of valance band can reach the surface and the rate of photocorrosion decreases (see chemical 

reaction in Figure 2-11). For that reason, the photocorrosion of GaAs/AlGaAs is expected to be 

decelerated in the presence of bacteria. In that context, Miller and Richmond experimentally 

demonstrated that, for n-type GaAs, the rate of photocorrosion is faster for upward band bending 

condition (wider space charge) in comparison with n-type GaAs biased at flat band condition 

(thinner space charge) [60].  

 

 

Figure 2-12. Schematic representation of double layer and slipping plan around particle, suspended 

in an electrolytic solution. Zeta potential is defined as the potential at a distance equal to the 

slipping plan. Adopted from (Kaszuba et al. 2010). 

Zeta potential measurements allow us to investigate the electric charge effect of bacteria. 

Figure 2-13 shows a typical setup for the laser Doppler micro electrophoresis, through which the 

mobility of bacteria in the solution can be obtained. Then, the Helmholtz-Von Smoluchowski 

equation can relate the bacterial mobility to their zeta potential in the surrounding solution. For 
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that purpose, a very thin layer of bacterial solution (in a capillary cell) is exposed to a known 

electrical field, while a laser beam interferes at a stationary point inside the capillary cell. The 

signal from this point is collected and compared to the reference signal (without scattering). 

Movement of bacteria due to applied bias causes a scattering of the laser light and results in 

frequency shift, which can directly indicate the bacteria velocity and ultimately their mobility [53, 

66, 67]. 

 

Figure 2-13. Schematic of a typical configuration for laser Doppler electrophoresis measurements. 

Adopted from (Kaszuba et al. 2010). In the equations, ζ is the bacterial zeta potential, μ is the 

electrophoretic mobility, ε  and η are, respectively, the dielectric permittivity and the bulk viscosity 

of the suspending solution, ν is the bacterial velocity, E is the applied electric field, θ is the detection 

angle, λ is the wavelength of laser and fd represents the frequency (phase) shift. 

 

2.4. Enhanced Bacterial Detection Using PL Transducer Based on 

GaAs/AlGaAs 

 

2.4.1. Ionic Screening Effect (Debye Length) 

In a PL based biosensor, binding of a charged biomolecule changes the electrostatic 

condition of the semiconductor band structure at the semiconductor/electrolyte interface via 

altering the charge carrier density of the transducer surface. However, the detection performance 

for the case of biological aqueous environments is limited by ionic screening effects arising from 

formation of double layer that is related to the force of the depletion region’s electric field [68-70]. 

The charges of the semiconductor depletion region attract counter ions from the electrolyte and 
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result in formation of an electrical double layer, which in turn effectively screens off the charge 

effects near the GaAs surface. Similarly, the same phenomenon happens for the bacteria. At a 

certain distance characterized by the Debye length, the charge of both GaAs and bacteria surfaces 

will be compensated by counter ions and their surface potentials reach almost to zero value. Since 

the bacteria are kept away from the GaAs surface at a certain distance, depending on the length of 

employed bioreceptor, the charge of bacteria might affect the semiconductor band bending to a 

different degree.  

 For these reasons, one important problem in charge (bio)sensing is the double layer screening 

effect that should be minimized in order to increase influence of the immobilized bacteria with as 

low as possible concentration of bacteria. As a general solution, the properties of the surrounding 

aqueous milieu such as ionic strength could be modified to achieve better results, but to engineer 

a method to be used in relatively high ionic strength environments, the decoration of bacteria with 

negatively charged molecules is proposed and investigated here.   

 

2.4.2. Bacteria Immobilization: Brief Review of DLVO Theory 

Only a few types of bacteria and microbes have a free-roaming lifestyle, while the rest prefer 

to stick to a surface. Before having stable adhesion through intermolecular interactions, bacteria 

experience an electrostatic interaction, which is an important factor influencing the bacterial 

adhesion process. Since bacteria could be modelled with colloidal particles, researchers used the 

DLVO theory, developed by Deryagin, Landau, Verway and Overbeek, to describe the forces 

acting on bacteria. Conceptually, the DLVO theory considers two governing forces to predict the 

attachment of bacteria to the first phase (reversible physical phase), which occurs before 

intermolecular interaction with antibody (irreversible molecular phase) [71]. These forces are i) 

the van der Waals forces that are the result of induced dipole interactions, and they are generally 

attractive forces, ii) the double layer forces arising from counter ions, and they are repulsive [72]. 

Study of these forces may provide a conceptual framework to understand bacterial attachment. 

Since the two surfaces (semiconductor and bacteria) have the same charge they will repel each 

other. The calculations are very difficult and numerous factors must be considered, however a 

simplified picture points out that the repelling force of the two charged surfaces is inversely 
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proportional to the distance between them. On the other hand, the van der Waals force is caused 

by the interactions between oscillating dipoles on the surface of molecules and it relatively 

unaffected by the ionic strength [73]. The van der Waals force is very strong, but it is efficient 

only at small distances. The DLVO theory in its simplest form considers only these two main 

forces and gives a picture of how surfaces interact electrostatically. 

Based on the DLVO theory the van der Waal attraction is a short-range force and the double 

layer repulsion is a long-distance force, so it repels the bacteria before Van der Waals attraction 

can capture them. Then, there would be a lower probability for charged particles to overcome this 

barrier and reach the bioreceptor and initiate intermolecular attachment. This reduces the number 

of immobilized bacteria; however, the double layer repulsion is strongly related to the width of 

GaAs space charge or, to be precise, to the depletion region’s electric field [74]. 

 Accordingly, another significant research questions that remains unanswered is how to modify the 

band bending of the semiconductor region in order to reduce the depletion region’s electric field 

and create a condition, where more bacteria can approach the surface of GaAs, while still 

providing enough sensitivity for bacteria detection. The proposed strategy to overcome this 

problem is applying an electric bias to the GaAs/AlGaAs nanoheterostructure, which would reduce 

the surface band bending, hence immobilize more bacteria at the surface of the transducer.  

 

2.5. PL Transducer vs Other Techniques 

To put PL based transducer performance in perspective, sensitivity, dynamic range and 

major pros and cons of common biosensing techniques has been compared. Table 2-1 provides a 

detailed comparison of the main features and characteristics related to the biosensor that were 

employed for detection of bacteria, chiefly E. coli and L. pneumophila in an aqueous environment. 
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Table 2-1. Comparison of different transducers employed for detection of E. coli and L. 

pneumophila in water.  

Transducer 

 

Electrochemical Optical (SPR) Optical (PL) Electronic Gravimetric 

Principle Electrical 

variations 

Photonic 

variations 

Photonic 

variations 

Electronic 

variations 

Mass 

variations 

Advantages - Low cost 

- Variety of 

methods 

 

- Sensitive 

- Fast 

- Low cost 

- Fast  

- Easy 

integration for 

remote sensing 

- Miniaturized 

- Low cost 

- Mass 

Production 

- Easy integration 

for Lab-on-a-

Chip systems 

- Fast  

- Sensitive 

Problems - Interpretation of 

data is difficult 

- Large variability 

- Hard to reuse 

electrodes  

- Relatively 

complicated 

- Relatively 

expensive 

- Not 

appropriate for 

large objects 

such as bacteria 

- Moderate 

sensitivity 

- Only applicable 

to specific 

materials 

- Low sensitivity 

- Temperature 

sensitive 

- Large 

variability 

- Low 

sensitivity in 

liquid 

Typical 

Sensitivities 

102-105 CFU/ml 104-108 CFU/ml 104-106 CFU/ml 106-109 CFU/ml 106-108 

CFU/ml 

LOD E. coli 70 CFU/ml [75] 103 CFU/ml 

[54] 

103 CFU/ml [30] 105 CFU/ml [76] 106 CFU/ml 

[77] 

LOD L. 

pneumophila 

104 CFU/ml [78] 104 CFU/ml 

[79] 

103 CFU/ml 

[13] 

103 CFU/ml 

[This Work] 

105 CFU/ml [80] Not found 
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CHAPTER 3. Photo Atomic Layer Etching of 

GaAs/AlGaAs Nanoheterostructures 

 

3.1. AVANT-PROPOS 

Auteurs et affiliation: 

• Mohammad Reza Aziziyan : Étudiant au doctorat, Université de Sherbrooke, Faculté de 

génie, Département de génie électrique et informatique. 

• Hemant Sharma : Stagiaire postdoctoral, Université de Sherbrooke, Faculté de génie, 

Département de génie électrique et informatique. 

• Jan J. Dubowski : Professeur titulaire, Université de Sherbrooke, Faculté de génie, 

Département de génie électrique et informatique. 

Titre français : Photo-gravure de couche atomique des nanoheterostructures GaAs/AlGaAs  

Contribution au document : Ce chapitre présente certains aspects fondamentaux de l’élimination 

de matière photo-induite et de la formation de surfaces stœchiométriques III-V. Ici, la 

photocorrosion des nanohétérostructures GaAs/AlGaAs est systématiquement étudiée par 

spectrométrie de masse à plasma à couplage inductif (ICP-MS). Il a été montré que la 

photocorrosion des nanohétérostructures GaAs/AlGaAs pourrait être contrôlée avec une résolution 

d’une sous-monocouche. De plus, les conditions de formation de la surface stœchiométrique et du 

processus de gravure congruente sont discutées. Il a été démontré que le PL de semi-conducteur 

pourrait être utilisé pour évaluer les propriétés de surface. Cela est important pour l’avancement 

du processus de gravure de couche photo-atomique des nanohétérostructures GaAs/AlGaAs, ainsi 

que pour la performance de transduction de ces nanohétérostructures. 

Résumé français : La gravure de couche photo-atomique (Photo-ALE) de semi-conducteurs de 

GaAs et d'AlGaAs a été étudiée dans de l’eau désionisée et dans une solution aqueuse de NH4OH. 

Le procédé est basé sur une photo-excitation séquentielle (P  16-20 mW/cm2) de trous porteurs 

présents à la surface des matériaux traités permettant leur conversion en oxydes et autres composés 

devenant solubles dans les solutions environnantes. Une analyse par spectroscopie de masse à 
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plasma à couplage inductif (ICP-MS) des produits de photogravure a révélé une gravure 

stœchiométrique du GaAs dans une solution aqueuse de NH4OH  linéairement corrélé avec le 

nombre de cycles de réaction, typiquement à des vitesses inférieures à ~ 0.35 nm/cycle. Un taux 

de photo-ALE inférieur à ~ 0.1 nm/cycle, fraction d'une monocouche de GaAs, a été mis en 

évidence dans le DI H2O, mais un déficit significatif en Ga dans les produits de photogravure a été 

détecté avec ICP-MS, ce qui démontre une difficulté à produire des surfaces stœchiométriques et 

lisses de GaAs ou d'AlGaAs dans un tel environnement. Les mesures en microscopie à force 

atomique ont montré une rugosité moyenne (σRMS  0.9 nm) légèrement augmentée des 

nanohétérostructures GaAs/AlGaAs photogravées dans NH4OH, ce qui était lié au rendement 

relativement bas de dissolution des composés Al accumulés en surface dans cet environnement. 

En accord avec les données ICP-MS et les emplacements d'interface connus dans les 

nanohétérostructures étudiées, le suivi de la vitesse de photogravure constante a été démontrée in 

situ avec les mesures de photoluminescence dans NH4OH. Ainsi, la décomposition congruente, 

associée à la possibilité d’une simple commutation entre les environnements de gravure, ouvre la 

possibilité d’une nanostructuration contrôlée des matériaux III-V avec des surfaces à composition 

stœchiométriques ou proches de la stœchiométrie. 

Note : Ce chapitre constitue le matériel en préparation pour publication dans une revue 

scientifique. Par conséquent, après la publication, le contenu de ce chapitre peut différer de celui 

publié. 
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3.2. Abstract 

Photo atomic layer etching (Photo-ALE) of GaAs and AlGaAs semiconductors was 

investigated in deionized H2O and aqueous solution of NH4OH. The process is based on sequential 

photo-excitation (P  16-20 mW/cm2) of hole carriers at the surface of processed materials that 

allows their conversion to the oxides and other compounds with a desirable dissolvability in the 

surrounding solutions. An inductively-coupled plasma mass spectroscopy (ICP-MS) of the 

photoetching products revealed stoichiometric etching of GaAs in an aqueous solution of NH4OH 

proceeding linearly with the number of reaction cycles, typically at rates less than ~ 0.35 nm/cycle.  

A photo-ALE rate of less than ~ 0.1 nm/cycle, fraction of a GaAs monolayer, was demonstrated 

in DI H2O, however a significant deficit of Ga in the photoetching products was detected with ICP-

MS, consistent with a difficulty in producing stoichiometric and smooth surfaces of GaAs or 

AlGaAs in such an environment. Atomic force microscopy measurements showed the slightly 

increased root-mean-square roughness (σRMS  0.9 nm) of GaAs/AlGaAs nanoheterostructures 

photoetched in NH4OH, which was related to the relatively poor efficiency of this environment in 

dissolving the surface accumulating Al-compounds. In agreement with the ICP-MS data and the 

known interface locations in the investigated nanoheterostructures, the constant photoetching rates 

monitoring were demonstrated in situ with the photoluminescence measurements in NH4OH. Thus, 

the congruent decomposition, along with the ability of a simple switching between etching 

environments, opened the possibility of a controlled nanostructuring of III-V materials with 

stoichiometric, or near stoichiometric surfaces. 

3.3. Introduction 

Unique electronic and optoelectronic properties of GaAs made it attractive for fabrication 

of high electron mobility transistors, metal-semiconductor field-effect transistors and a variety of 

quantum effect devices [81-83]. The nearly identical lattice constants of GaAs and Al0.35Ga0.65As 

allowed fabrication of flexibly engineered heterostructures with modulated bandgaps, and the two-

dimensional electron gas at the interface of such materials was investigated, e.g., for tunable 

plasmonic bandgap structure devices [84]. The fabrication of damage free and stoichiometric 

surfaces of materials with an atomic depth resolution is of high importance to the nanofabrication 

techniques delivering advanced III-V low dimensional nanostructures [85, 86]. However, the 
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ability to fabricate stoichiometric surfaces of etched GaAs, AlGaAs and other III-V 

semiconductors represents a significant challenge. For instance, it has been demonstrated that ion 

beam assisted etching consumes at least 10 nm of wet-etched GaAs to produce a stoichiometric 

surface [87], rendering this approach unsuitable for fabrication of devices with atomic depth 

resolution. Reactive ion beam etching was used for dry etching of GaAs and AlGaAs and despite 

fabricating relatively smooth surfaces [88], ion-induced surface damage appeared unavoidable 

[89]. To address this problem, GaAs chlorine radical etching without ion bombardment was 

proposed, although etching rates between 3 nm/min and 10 µm/min were possible only when 

samples were heated in the range of 300-400 °C [90]. In an electron beam excited plasma system, 

the surface of GaAs was bombarded sequentially using Ar ions in the presence of Cl2 or Cl. 

However, it was reported that accumulation of Cl on GaAs could have passivated the surface and 

suppressed the etch rate for the Cl2 feed time over ~ 0.9 sec [91]. Maki et al. proposed bilayer 

etching of GaAs using a low-pressure Cl2 chamber to induce a chemical reaction and a 193 nm 

laser radiation to remove the products of reaction [92]. Although this technique is in principle 

similar to the Cl2 etching of GaAs by means of an ion beam, it has been argued that it was the 

application of low-fluence laser photons that allowed producing high-quality surfaces [92, 93]. In 

that context, etching with near monolayer depth resolution, also known as digital etching or atomic 

layer etching (ALE) of semiconductors, has been studied for almost three decades now [94], with 

some recent works reporting on thermal-ALE of aluminium oxide [95], titanium nitride [96] and 

silicon [97], all aiming at replacing the continuous etching processes that inevitably produce low 

quality surfaces.  

DeSalvo et al. carried out a two-phase wet chemical digital etching of GaAs surfaces based 

on the application of a self-limited oxidation reaction [98]. Light assisted etching of III-V 

semiconductors has been investigated by Ruberto et al. who reported microscale photoetching of 

GaAs and InP using an argon ion laser delivering a 257 nm radiation of power density ranging 

from 10 mW/cm2 to 10kW/cm2 [99]. The etch rates achieved with this technique, ranging between 

0.5 mm/min ([99]) and 2.8 µm/min ([100]), were obtained by controlling the potential of a sample 

immersed in an electrolyte and/or employing a secondary light beam [101]. Fink et al. used this 

approach for photoetching of GaAs/AlGaAs heterostructures illuminated by a halogen lamp 

delivering up to 250 mW/cm2 of optical power density [58]. By measuring current density 

variation, these authors reported etch rates of ~ 0.5 µm/min for GaAs and ~ 0.4 µm/min for 
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AlGaAs. To monitor the process, they took advantage of current density oscillations during etching 

of GaAs/AlGaAs interfaces and demonstrated resolving a GaAs/AlGaAs interface. Although 

attaching an ohmic side contact to the sample enhanced the sensitivity of this technique, the 

demonstration of a layer-by-layer etching was not possible. The foregoing discussion underlines 

that contrary to deposition techniques, advanced methods capable of a comparable controllability 

and providing accuracy of III-V materials removal have not been developed, primarily due to the 

lack of the universal process as well as diagnostics for in situ monitoring of digital etching 

processes [98],[102, 103]. 

We have recently demonstrated that so-called digital photocorrosion (DIP) of 

GaAs/AlGaAs nanoheterostructures could be monitored with photoluminescence (PL) emitted by 

such nanoheterostructures [104, 105]. Sensitivity of DIP to the external perturbations induced by 

electrically charged molecules allowed detecting the presence of negatively charged bacteria 

immobilized in the vicinity of the GaAs/AlGaAs nanoheterostructure surfaces [104, 106], as well 

as monitoring bacterial response to antibiotics in H2O environment [107]. This concept has also 

been investigated for post-growth diagnostics of interface locations in PL emitting quantum wells 

[108] with the possibility of extending it to nanoheterostructures with no PL emission by 

measuring open circuit potential of the photocorroding semiconductor surface [109]. Along with 

the progress of research in this newly discovered area, it is compelling to understand the 

mechanisms of photo-induced material removal and formation of stoichiometric surfaces at atomic 

level that would be of a particular importance to the development of ALE of III-V materials and 

fabrication of advanced nanoheterostructure devices. 

In this paper, inductively coupled plasma mass spectrometry (ICP-MS) was employed for 

a systematic analysis of aqueous environments employed for supporting photo-ALE of 

GaAs/Al0.35Ga0.65As nanoheterostructures. The ICP-MS technique is capable of providing highly 

precise and quantitative determination of elements owing to the invention of chromatographic 

detectors [110]. A dilution of analyzed liquid samples in HNO3 and deionized (DI) water allows 

for separation of matrix elements, which is important in view of high volatilities of both Ga and 

As chlorides [111]. A comparison between the ICP-MS detected ions and those released by the 

photoetching nanoheterostructure of a well-defined thickness allowed investigating the conditions 

for formation of stoichiometric surfaces. A correlation between ICP-MS and PL data concerning 
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constant photoetching rates indicated the feasibility of this approach for the attractive in situ 

monitoring of the formation of stoichiometric, or near-stoichiometric surfaces of interest to the 

nanostructuring and in situ passivation of III-V semiconductor nanodevices.  

3.4. Experimental Section 

3.4.1. GaAs/AlGaAs nanoheterostructures 

 The GaAs/Al0.35Ga0.65As wafer J0152 was grown by molecular beam epitaxy (CPFC, 

National Research Council of Canada, Ottawa) on a semi-insulating GaAs (001) substrate. It 

consists of a 20-pair AlAs/GaAs (2.4 nm/2.4 nm) superlattice applied as a barrier against 

propagation of defects and a 500 nm thick GaAs PL emitter. A 100-nm thick Al0.35Ga0.65As layer, 

3 nm thick GaAs and 10 nm thick Al0.35Ga0.65As layers were grown on the top of the GaAs emitter. 

The nanoheterostructure was capped with an 8 nm thick GaAs layer. The D3422 wafer was grown 

by metal organic chemical vapor deposition (CPFC, National Research Council of Canada, 

Ottawa) also on a semi-insulating GaAs (001) substrate. It consists of a 20-pair AlAs/GaAs 

(2.4 nm/2.4 nm) superlattice and a 500 nm GaAs layer followed by a 100 nm thick Al0.35Ga0.65As 

layer. However, in this case, 6 pairs of 12 nm thick GaAs and 10 nm thick Al0.35Ga0.65As were 

grown and capped with a 12 nm thick GaAs layer. 

Figure 3-1 shows cross-section of GaAs/AlGaAs nanoheterostructures employed in this 

work, along with their room temperature PL spectra obtained with a commercial Philips PL mapper 

(PLM-150). The nanoheterostructures were excited with a second harmonic of Nd:YAG laser 

source (λex = 532 nm) and the emitted PL signal was collected with InGaAs photodiode detector 

array. The PL mapping spatial and spectral resolutions were 20 μm and 0.6 nm, respectively. Both 

wafers, shown in Figure 3-1, emitted PL peaks at λ ≈ 870 nm originating from 500 nm thick GaAs 

epitaxial layers. No PL emission was observed at room temperature from other GaAs layers 

sandwiched between AlGaAs barriers or from the AlAs/GaAs superlattice. At 20 K, a quantum 

confined PL peak at 724 nm was observed from the 3 nm thick GaAs layer of the J0152 wafer. 

The intensity of that peak was found at ~ 6 times weaker than that of the bulk GaAs at 821 nm (see 

Figure 3-10). 
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Figure 3-1. Room-temperature PL spectra of GaAs/Al0.35Ga0.65As nanoheterostructures taken from 

J0152 wafer (a) and D3422 wafer (b). Samples were excited with a 532 nm laser beam of the Philips 

PL mapper (PLM-150). In both cases the PL emission originated from 500 nm thick GaAs layers 

shown in cross-section of the investigated samples. 

 

3.4.2. Photo-ALE process of GaAs/AlGaAs nanoheterostructures 

Individual samples were mounted in a Teflon holder capped with an optically transparent 

window and irradiated intermittently for 3 s in each 60 sec cycle (DC = 3/60) or for 3 sec in each 

25 sec cycle (DC = 3/25). This made it possible to observe the photoetching at relatively low rates. 

Figure 3-2 displays a schematic view of the photo-ALE setup employed for photo-ALE of 

GaAs/AlGaAs nanoheterostructures. The measurements of PL emission were carried out with a 

custom made QSPB (quantum semiconductor photonic biosensing) reader described elsewhere 

[104]. Briefly, a homogenized beam of a 660 nm light-emitting diode (LED) allowed for a 

simultaneous excitation of the surface of a sample, while spatially resolvable PL emission intensity 

maps were collected with a CCD camera. A calibrated Si photodiode (S130C, Thorlabs, NJ, USA) 

was employed to monitor the LED power (P) during photo-ALE experiments. The cycled 

irradiation of samples, with a non-irradiation period designed to give enough time for the 

photoetching products to dissipate into the etching environment (DI H2O or NH4OH), allowed 

observing etch rates below 2.82 Å/cycle, corresponding to the thickness of a monolayer of GaAs. 
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Figure 3-2. Schematic view of the setup employed for demonstrating photo-ALE of 

GaAs/Al0.35Ga0.65As nanoheterostructures. Samples were irradiated with λ = 660 nm of LED. 

Emitted PL of GaAs/Al0.35Ga0.65As nanoheterostructures was filtered in the range of 840–1650 nm 

(long pass filter, Edmunds 86–070) and PL data, dominated by λ ≈ 870 nm emission from the 500 

nm thick GaAs layer, were recorded using a CCD camera. 

 

3.4.3. Sample Preparation 

Samples of 2 mm by 2 mm dimensions were cut out from photoresist (S1813, Shipley) 

coated wafers. Following the exposure to acetone for 5 min and ultrasonication (designed to 

remove the photoresist), the samples were degreased in an ultrasonic bath of OptiClear, acetone 

and isopropyl alcohol, each for 5 min. Samples were dried with high purity nitrogen 4.8 HP 

(99.998%). Then, they were exposed to an aqueous solution of ammonium hydroxide (NH4OH at 

28 %) for 2 min and rinsed with DI H2O. 

3.4.4. Chemicals 

Chemicals were purchased from the following sources: OptiClear from National 

Diagnostics (Mississauga, Canada), acetone from ACP (Montréal, Canada), isopropyl alcohol 
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(IPA) from Fisher Scientific (Ottawa, Canada), ammonium hydroxide 28% (NH4OH) from 

Anachemia (Richmond, Canada) and high purity nitrogen 4.8 HP (99.998%) from Praxair Canada 

Inc. (Mississauga, Canada). The 18.2 MΩ DI H2O, used in these experiments was produced by 

means of a Millipore purification customized system assembled by Culligan (Quebec, Canada).  

3.4.5. Inductively Coupled Plasma Mass Spectrometry 

The solutions containing photo-ALE products were collected for the ICP-MS analysis at 

the end of each photo-ALE experiment in DI H2O or NH4OH. To adjust the results for dark 

corrosion, witness samples were immerged in DI H2O or NH4OH and kept in darkness for the same 

period of time as the photoetching samples. The ICP-MS experiments were carried out in a 

PerkinElmer ELAN DRC II ICP-MS equipped with an AS-93 auto sampler. Data were collected 

for 5 mL samples with 20 sweeps per reading, 1 reading per replicate and 3 replicates for each 

sample. The dwell time was 50 ms/AMU. Germanium was used as an internal standard. Both the 

internal standard and sample were introduced in the machine via a peristaltic pump and mixed in 

a T junction just before entering the nebulizer. The injection sequence was a 45 sec wash with 2% 

nitric acid, followed by a 75 sec flush with sample. A 15 sec delay was applied before taking a 

reading. Standard curve for calculation was prepared from 1000 ppm ICP-MS grade single element 

standard (Isospec, Delta Scientific) and 2% nitric acid as diluting solvent. Calibration was carried 

out for the 1 to 500 ppb range. Diluting solvent and wash solution were prepared from Aristar plus 

nitric acid (BDH ARISTAR) and ultrapure water (18.2 MΩ/cm, ELGA purifying machine). 

Samples were kept at room temperature between reception and ICP-MS analysis.  

3.4.6. Fourier-Transform Infrared Spectroscopy (FTIR) 

The analysis of surface chemistry of photoetched samples was carried out based on the 

FTIR absorption data collected with a Vortex 70 v instrument (FTIR Bruker, Germany). Typically, 

an absorption spectrum was constructed based on 512 scans collected with a mercury cadmium 

telluride (MCT) detector. Measurements started with a 15 min delay after evacuation of the sample 

compartment to minimize the influence of moisture on the collected data. A freshly prepared 

(degreased, then immersed for 2 min in NH4OH, rinsed with DI H2O and dried with nitrogen flow) 

J0152 GaAs/AlGaAs sample was used to determine an FTIR absorption baseline. FTIR data were 

analyzed to resolve the peaks using OPUS software (version 7.2). 
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3.4.7. Atomic Force Microscopy (AFM) 

Surface morphology of processed samples was studied using an atomic force microscopy 

(AFM) technique (Digital Instrument, Nanoscope III). The AFM instrument operated in a tapping 

mode. All images were collected over a 10 μm × 10 μm surface area with 512 points per line for 

512 lines, using tip velocity of 12 μm/s and at a scan rate of 0.598 Hz. A freshly prepared 

(degreased, then immersed for 2 min in NH4OH, rinsed with DI H2O and dried with nitrogen flow) 

J0152 GaAs/AlGaAs sample was used as the reference surface. 

3.4.8. X-ray Photoelectron Spectroscopy (XPS) 

The XPS Kratos Axis Ultra DLD spectrometer was utilized to determine the elemental 

composition of the sample surface. Samples were excited with the AlKα monochromatized line 

(1486.6 eV) of a 225 W source. The analyzer was operated in a constant pass energy mode of 

160 eV for the survey scans, and 20 eV for the high resolution scans. The work function of the 

instrument was calibrated to give a binding energy (BE) of 83.96 eV for the Au 4f7/2 line of metallic 

gold. The dispersion of the spectrometer was adjusted to give a BE of 93.62 eV for the Cu 2p3/2 

line of metallic copper. The samples were mounted on a non-conductive tape. A charge neutralizer 

was used on all samples to compensate for the charging effect. Charge corrections were done using 

the adventitious carbon peak set at 284.8 eV. The analyzed area was an oval with approximate 

dimensions of 300 µm × 700 µm. Data analysis was conducted using the Casa XPS software 

(version 2.3.18). The relative sensitivity factors used for quantification purpose are the 

experimental RSF given by Kratos Analytical for their machines. 

3.5. Results 

Figure 3-3 shows examples of the integrated temporal PL intensity from four individual 

samples of the J0152 wafer that underwent photo-ALE in DI H2O following 90, 266, 450 and 

720 cycle numbers (CN) for duty cycle (DC = TON/TTOT) equal to 3/60 and P = 20 mW/cm2. While 

Figure 3-3 illustrates viable reproducibility of the photo-ALE process, the formation of well-

defined PL maxima could be clearly observed in agreement with the previously reported results 

[104, 105, 108, 109]. As a guide to an eye, the zones of photoetching GaAs and Al0.35Ga0.65As 

layers extending up to 56 nm, i.e., deep inside of the 100 nm thick Al0.35Ga0.65As layer were 
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indicated in this figure. The initial increase of the PL signal, observed in Figure 3-3 for CN ≤ 100, 

is related to formation of Ga2O3 that is known to reduce the concentration of nonradiative 

recombination centers (NRRC) and chemically passivate the GaAs surface [112]. As the GaAs 

layer was dissolved, the formation of an electrolytic junction involving DI H2O and Al0.35Ga0.65As 

revealed an interface with a significantly greater surface concentration of NRRC. It was reported 

that the surface recombination velocity of AlGaAs is near 107 cm/s in comparison to that of 105 to 

106 cm/s observed for the GaAs surface [113, 114]. This led to a reduced intensity of the PL 

emission each time the Al0.35Ga0.65As surface was exposed to DI H2O. The PL signal was recovered 

only when a new electrolytic junction involving DI H2O and GaAs was revealed in situ (observed 

for CN > 210). Consequently, temporal position of the PL maxima can be accurately correlated 

with the position of GaAs-AlGaAs interface, as demonstrated with AFM-measured depth of 

photocorroded craters created on GaAs/AlGaAs quantum wells [108]. Furthermore, position of PL 

maxima versus time is directly related to the rate of material removal, which can be controlled by 

power and sequence (duty cycle) of the excitation photons [108] as well as the pH of surrounding 

solution [105]. 

 

Figure 3-3. In situ monitored depth of photo-ALE in DI H2O. Temporal oscillations of the PL 

emission intensity at λ ≈ 870 nm from four independent J0152 samples photo-etched in DI H2O as a 

function of the semiconductor thickness and the cycle number for DC = 3/60. The zones of etched 

GaAs and AlGaAs layers are indicated approximately with distinctively different colors. 
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Figure 3-4 displays temporal PL of J0152 samples photoetched at different rates in DI H2O 

and aqueous solutions of NH4OH. As it can be seen in Figure 3-4 (a), the PL intensity of the 

sample photoetched in DI H2O stabilized at ~ 50% of the initial intensity, after ~ 600 cycles, 

however photoetching in NH4OH, with ~ less than 600 cycles (Figure 3-4 (b)) and less than 400 

cycles (Figure 3-4 (c)), resulted in the PL signals too weak to be detected with the employed PL 

setup. Under the employed excitation conditions, the PL measurement setup displayed in Figure 

3-2 does not respond to the weak PL emission from a single layer of GaAs (500 nm PL emitter), 

unless the carrier confinement is provided by the top GaAs and AlGaAs epitaxial layers. Therefore, 

intensity of the PL signals in Figure 3-4 (b) and Figure 3-4 (c) fell below the sensitivity of the 

measuring setup, when the the four top GaAs and AlGaAs epitaxial layers were entirely etched. 

This feature allows determining deceleration of the material removed rate per photo-ALE cycles. 

Figure 3-4 (d) and Figure 3-4 (e) show the photo-ALE rate of J0152 in DI H2O and NH4OH, 

respectively, estimated from the slope of cumulative semiconductor thickness versus position of 

PL-revealed interfaces of GaAs-AlGaAs. Accordingly, the photo-ALE rate of J0152 samples in 

DI H2O was 0.08 ± 0.005 nm/cycle (approximately 0.3 monolayer/cycle [115]) that was ~ 4-time 

slower, compared to the samples photoetched in NH4OH (28%). It is noteworthy that the etch rate 

in NH4OH (Figure 3-4 (e)) was constant, whereas the etching rate in DI H2O (Figure 3-4 (d)) was 

decelerating, consistent with saturation of PL signal in Figure 3-4 (a). This data specified that, 

even though, the J0152 nanoheterostructure exhibited similar temporal PL profile in the employed 

environments, the stoichiometry and/or properties of the produced surfaces could be considerably 

dissimilar. 
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Figure 3-4. Regulating photo-ALE rate of J0152 samples in different aqueous solutions. 

Representative temporal PL intensity of J0152 samples in DI H2O (a), NH4OH solution 18% (b), 

and NH4OH solution 28% (c). Photo-ALE rate in DI H2O was estimated at 0.08 ± 0.005 nm/cycle, 

based on the positions of the 1
st
 and the 2

nd
 PL maxima (d). Photo-ALE rate in NH4OH solution 

28% was estimated at 0.34 ± 0.003 nm/cycle, based on the positions of the 1
st
 and the 2

nd
 PL maxima 

as well as the last AlGaAs-GaAs interface (e). 

 

To investigate the underlying mechanisms responsible for inconstant etch rate in DI H2O, 

and in an attempt to describe conditions leading to formation of stoichiometric surfaces, ICP-MS 

measurements were conducted on the photo-ALE solutions. The number of As3+ and Ga3+ ions 

expected to be released by photo-ALE of GaAs/Al0.35Ga0.65As nanoheterostructures of known 

thicknesses were compared to those determined by ICP-MS, as shown in Figure 3-5. The 
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calculations of As3+ and Ga3+ ions concentration were based on the empirically determined etch 

rates, shown in Figure 3-4 (d) and Figure 3-4 (e), as well as the known thickness of 

GaAs/Al0.35Ga0.65As nanoheterostructures (see Supporting Information for details). Figure 3-5 (a) 

and Figure 3-5 (b) show this comparison for samples underwent photo-ALE in DI H2O, besides 

Figure 3-5 (c) and Figure 3-5 (d) show such a data for samples underwent photo-ALE in 28% of 

NH4OH. Notice that different concentrations of ions calculated in DI H2O and NH4OH for the 

same amount of photoetched material are due to different molecular weights of the investigated 

solutions. It can be seen that ICP-MS detected As3+ and Ga3+ ions at 110 and 18 parts per billion 

(ppb), respectively, were released from the nanoheterostructure photoetched in DI H2O by 60 nm. 

Data were adjusted for the dark corrosion that revealed up to ~ 20 and ~ 5 ppb of As3+ and Ga3+ 

ions, respectively, released during the same period of time (see Figure 3-11). While a growing 

deficit of As3+ ions was detected for the samples photoetched deeper than 60 nm, a deficit of Ga3+ 

ions was already observed for a sample photoetched by less than 8 nm (T1). In contrast, the photo-

ALE process in NH4OH released both As3+ and Ga3+ ions at ICP-MS detected concentrations in 

an excellent agreement with the calculated data for the investigated nanoheterostructure 

photoetched by at least up to ~ 110 nm (Figure 3-5 (c) and Figure 3-5 (d)). The congruent 

character of material decomposition in this case suggests that stoichiometric surfaces of GaAs and 

AlGaAs were formed at the end of each photoetching cycle. However, for samples photoetched in 

DI H2O, the congruent character of material decomposition was only preserved for less than 8 nm 

(merely the top GaAs layer). Furthermore, no trace of Al was found in DI H2O photoetching 

products and, in spite of a reasonable agreement between the calculated and ICP-MS detected As3+ 

and Ga3+ ions observed for the NH4OH photoetching products, no such agreement could be 

demonstrated for Al ions. 

Such distinctive photo-ALE performances are associated with the oxidation/dissolution 

kinetics of these materials in aqueous solutions. In the case of an n-type III-V semiconductor, the 

presence of holes is required for the initiation of a dissolution process, with the main products of 

GaAs photoetching in water being [Ga(OH)4]
-, GaO, Ga2O, Ga2O3 and AsO [116, 117]. The 

oxidation/decomposition process of GaAs in water is described by the following reaction [118]: 

2GaAs + 3h+ + 3H2O → Ga2O3 + 2As(0) + 6H+   (3-1) 
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where h+ represents the hole carriers. Following the absorption of e-h+ forming photons, Ga3+ ions 

produced at the GaAs surface could react with dissolved oxygen or oxygen of water molecules and 

produce Ga oxides. Among As-oxides and Ga-oxides, Ga2O3 represents a relatively stable form of 

a compound that is insoluble in water, thus, it could pile up at the GaAs surface [119]. Furthermore, 

some of the Ga3+ ions could diffuse out from the surface and form oxides in the solution. 

Ultimately, contribution of these two processes leads to the presence of Ga3+ ions in the aqueous 

environment. Photo-oxidation of GaAs also produces As oxides. The elemental As(0) formed at 

the surface in the first step (reaction 1) could react further, giving As2O3 as the main product of 

the following reaction [120]: 

2As(0) + 3h+ + 3H2O→ As2O3 + 6H+   (3-2) 

Thus, As2O3 could also be formed in the solution. But, this compound is both volatile and 

water soluble under neutral pH conditions [120]. This leads to the decomposition of GaAs into 

Ga2O3 and formation of elemental As, as follows [121]: 

2GaAs + As2O3→ Ga2O3 + 4As   (3-3) 

The reaction (3-3) that is kinetically slow but thermodynamically favored [121] could 

increase concentration of As in a solution. Considering these reactions, Ga products in DI H2O are 

expected to partially remain on the surface of III-V samples, whereas, in NH4OH, such oxides pile 

up could be prevented [122]. Post-photoetching characterizations of J0152 samples were carried 

out to clarify the process of photo-ALE in DI H2O and NH4OH. 
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Figure 3-5. Stoichiometry assessment of J0152 samples photo-etched in DI H2O and NH4OH. 

Comparison of ICP-MS detected As
3+

 and Ga
3+

 ions with their calculated concentrations expected 

to be released during photo-ALE of GaAs/Al0.35Ga0.65As nanoheterostructures in DI H2O (a) and 

(b), respectively, and in NH4OH (c) and (d), respectively. Data collected at the end of runs T1-T4, 

which were previously shown in Figure 3-3, are indicated here with large full circles, in Figure 3-5 

(a) and Figure 3-5 (b). 

 

Figure 3-6 displays FTIR absorbance data in the region of 450-800 cm-1 for four samples 

of the J0152 wafer that were photoetched in DI H2O with 40-CN (S1), 120-CN (S2), 180-CN (S3) 

and 1320-CN (S4). The spectra for S2-S4 indicate the presence of a peak at 520 cm-1 identified as 

the aluminum oxide related Al-O stretching mode [123]. The absence of this peak for sample S1 

is consistent with the position of the etching front, estimated at ~ 3.2 nm from the top of that sample 
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(initially, capped with an 8 nm thick GaAs). The photoetched surface of S2 was located within the 

1st Al0.35Ga0.65As layer (~ 9.6 nm from the top), while S3 was located in the middle of the 1st 

Al0.35Ga0.65As layer (~ 14.4 nm from the top) and S4 was located at the bottom of the 2nd 

Al0.35Ga0.65As layer (~ 105.6 nm from the top). Although presence of Al2O3 was confirmed, no 

FTIR peaks associated with Ga-O bond vibrations, expected at 463 and 764 cm-1 ([124]) were 

observed, likely due to the insufficient signal to noise ratio in these experiments. 

 

Figure 3-6. FTIR absorbance spectra of GaAs/AlGaAs (wafer J0152) photo-etched in DI H2O. Al-O 

peaks at 520 cm
-1

 revealed at the surface of samples after photo-ALE front reached the AlGaAs 

layer, i.e., corresponding to S2 (120 CN), S3 (180 CN) and S4 (1320 CN). The spectra were shifted 

vertically for clarity. 

Figure 3-7 compares high resolution XPS scans of four J0152 samples that underwent 

photo-ALE with the XPS scan for a freshly prepared reference sample partially covered with native 

oxide (following etching in NH4OH, that sample was air exposed for ~ 30 min before being loaded 
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into the XPS chamber). Figure 3-7 (a) shows two peaks related to the Ga 3d transitions 

differentiated by a chemical shift. The peaks in the higher energy region of binding energy (BE) 

equal to 20.2 eV ([125]) and 20.5 eV ([126]) contribute to an integrated peak corresponding to the 

oxide state of GaAs. The lower energy peak at BE = 19.28 eV ([127]) corresponds to Ga bounded 

in GaAs. In the case of samples photoetched in H2O, the Ga2O3 peak (BE = 20.5 eV) was always 

present and its intensity was much higher than that of the native oxide of the reference sample. In 

contrast, the intensity of this peak for samples photoetched in a NH4OH environment was fairly 

similar to that of the reference sample. This is consistent with the dissolution and/or growth 

prevention of Ga-oxide in the NH4OH environment. High resolution scans of Al 2p, displayed in 

Figure 3-7 (b), indicated that two types of aluminum compounds, Al2O3 with BE = 74.7 eV 

([128]), and Al(OH)3 with BE = 73.9 eV ([129]),  were formed at the surface of the investigated 

samples as a result of Al reacting with H2O and Al and O2. Due to the small difference between 

BEs corresponding to these compounds, they are known to be difficult to differentiate [130]. In 

the case of the GaAs/Al0.35Ga0.65As nanoheterostructure etched with 120 CN in NH4OH (~ 36nm 

deep according to Figure 3-4(e)), the XPS probed surface was mostly that of Al0.35Ga0.65As, and 

the corresponding amount of Al(OH)3 was much higher than that of Al2O3. This suggested that 

accumulation of Al2O3 was somehow inhibited in the NH4OH environment. Of particular 

importance to the constant etch rate is that the XPS Al 2p3/2 scan, as shown in Figure 3-7 (b), 

revealed neither Al2O3 nor Al(OH)3 related peaks for the sample photoetched with 1200 CN, i.e., 

up to ~ 411nm deep (based on the average photo-ALE rate of 0.34 nm/cycle, as shown in Figure 

3-4 (e)). This suggests that a CN proportional concentration of Al ions should be expected in the 

photo-ALE product generated in the NH4OH environment. However, such an agreement could not 

be demonstrated for Al ions, probably due to poor sensitivity of the ICP-MS method in this case. 

The possible reason of this difficulty could be a relatively high vapor pressure of NH4OH, which 

is known to be the source of the ICP instability [131]. Alternatively, NH4OH could induce 

precipitation of Al as an insoluble hydroxide [132]. 
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Figure 3-7. High resolution XPS scans of J0152 samples photoetched in DI H2O and NH4OH. Data 

shown for transactions corresponding to Ga 3d (a) and Al 2p (b). 

 

Figure 3-8 shows AFM images of a J0152 reference sample (Figure 3-8 (a)) and S1-S4 

samples after photo-ALE in DI H2O with 40, 120, 180 and 322 CN (Figure 3-8 (b) - Figure 3-8 

(e)), while Figure 3-8 (f) shows an AFM image of the sample S5 after photo-ALE in NH4OH with 

322 CN. The freshly prepared reference sample (see Experimental Section) was used to examine 

the effect of photo-ALE on roughness of the photoetched samples. It can be seen that samples 

photoetched in DI H2O up to a depth of ~ 14.4 nm (S1-S3) exhibited surface morphology 

characterized by σRMS = 0.76 - 0.86 nm, which is fairly comparable to that of a reference sample 

(σRMS = 0.75 nm). However, the sample S4, photoetched to a depth of ~ 105.6 nm in DI H2O, 

showed a surface roughness characterized by σRMS = 2.1 nm. The AFM image shown in Figure 3-

8 (e) relates to the non-stoichiometric surface of J0152 etched in DI H2O with 1325 CN to a depth 
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of ~105.6 nm, which is consistent with the XPS data (Figure 3-7 (a)) showing a significant surface 

accumulation of Ga2O3. Moreover, these are in agreement with PL data, shown in Figure 3-4 (a), 

revealing inconstant etch rate in DI H2O. In contrast, the surface of the sample S5 photoetched in 

NH4OH to a comparable depth of ~ 105.6 nm (Figure 3-8 (f)) is characterized by σRMS = 0.93 nm, 

which is only minimally greater than σRMS = 0.75 nm of the reference sample (Figure 3-8 (a)). A 

possible reason for this increased roughness could be the presence of residual Al-based compounds 

formed on the surface of the 2nd AlGaAs layer of the J0152 nanoheterostructure mapped in this 

case with AFM. 

 

Figure 3-8. AFM images of J0152 samples, taken from a freshly prepared reference sample (a), and 

after photo-ALE in DI H2O with depth of 3.2 nm (b), ~ 9.6 nm (c), ~ 14.4 nm (d), ~ 105.6 nm (e), and 

after photo-ALE in NH4OH with depth of ~ 105.6 nm (f). 

 

The ability of stoichiometric diagnostics with PL measurements was explored further by 

conducting photo-ALE on nanoheterostructures consisting of 6 pairs of nominally same thickness 

GaAs and Al0.35Ga0.65As layers. Figure 3-9 compares PL plots collected during photo-ALE of the 

D3422 wafer in DI H2O (Figure 3-9(a)) and NH4OH (Figure 3-9(b)). These experiments were 

carried out with LED power P ≈ 16 mW/cm2 and DC = 3/25. It can be seen that it took ~ 1920 CN 

to reveal seven PL maxima of an 80 nm thick nanoheterostructure photoetching in DI H2O, while 
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only 725 CN revealed the same number of peaks in NH4OH. Furthermore, the photo-ALE in an 

oxide etching environment of NH4OH ([98, 122]) allowed defining positions of each PL maxima 

more precisely than those in the DI H2O environment. Figure 3-9 (c) shows that positions of the 

PL maxima detected in NH4OH follow a straight line in function of the cumulative thickness of 

the nanoheterostructure photoetching at least up to 80 nm deep, which is indicative of the constant 

etch rate. In contrast, a growing deviation from such a linear behavior was already appeared for 

the same nanoheterostructure photoetching in DI H2O at etch depth less than 40 nm. This is 

revealing formation of a non-stoichiometric surface in DI H2O. 

 

Figure 3-9. Photo-ALE of GaAs/AlGaAs nanoheterostructures (wafer D3422). Temporal PL plots 

from samples photo-etched in DI H2O (a), and in NH4OH (b). Linearly depending PL maxima 

positions on the cumulative thickness of the GaAs/Al0.35Ga0.65As nanoheterostructure indicate 

formation of stoichiometric surfaces (c). 

 

3.6. Discussion  

The efficiency of generating PL signal by a semiconductor is related to the minority carriers 

lifetime, τ, and it could be expressed with the following relationship [133]: 

1

𝜏
=  

1

𝜏𝑅
+

1

𝜏𝑛𝑅
+

𝐼𝑅𝑉

𝑑
  (3-4) 
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where τR and τnR denote lifetime of radiative and nonradiative recombination processes, 

respectively, d is a thickness of the active (PL emitting) layer, and IRV (interface recombination 

velocity) represents processes related to the interface states of investigated materials. In the case 

of GaAs and Al0.35Ga0.65As nanoheterostructures investigated in this report, the overall IRV is a 

sum of the recombination velocities, IRVk, at interfaces of the PL emitting GaAs layer with 

Al0.35Ga0.65As and AlAs, at interfaces between GaAs and Al0.35Ga0.65As layers located above, as 

well as at the interface of the topmost layer with the etching solution, i.e., 𝐼𝑅𝑉 =  ∑ 𝐼𝑅𝑉𝑘
𝑛
𝑘=1 . In 

addition to the presence of the intrinsic surface states arising from the break in the translational 

symmetry of a bulk semiconductor at its surface, the impurities and other surface defects act as 

NRRC playing a critical role in the conversion efficiency of excited electron-hole pairs to the PL 

signal. 

 Subsequently, the oscillation of temporal PL intensity of GaAs/AlGaAs 

nanoheterostructures was induced by variations of surface states as a result of 

formation/dissolution of oxides, thus,  the two PL maxima in Figure 3-3 observed at ~ 110 CN 

and ~ 260 CN were related to the dissolution of 8 and 3 nm thick GaAs layers, respectively. In 

agreement with the structure of the D4322 sample (Figure 3-1 (b)), photo-ALE process revealed 

seven characteristic PL maxima shown in Figure 3-9 (a) (DI H2O data) and Figure 3-9 (b) 

(NH4OH data). Then, the amount of material removed per each photo-ALE cycle could be 

determined based on the positions of the PL maxima and the known thickness of GaAs/AlGaAs 

nanoheterostructures. This approach allowed following in real time the position of a photo-ALE 

front with a sub-monolayer resolution. It should also be emphasized that the temporal PL plots 

discussed in this report were collected with a relatively low excitation power density of 

 20 mW/cm2 designed to achieve slow photo-ALE of the investigated 

nanoheterostructures. Together with the intermittent mode of sample irradiation, PL signal 

allowed monitoring the photo-ALE with an enhanced sensitivity to contributions from the interface 

states and formation of Ga2O3 and other Ga-, Al- and As-based surface products [113]. Under the 

low excitation power conditions, the intensity of PL emission could fall below the sensitivity of 

the measuring setup, presented in Figure 3-2, whenever the oxides are dissolved homogenously. 

For instance, in Figure 3-4 (a), commensurate with the growing concentration of surface oxides, 

the photo-ALE rate slowed down and PL intensity for the sample photoetched in excess of 60 nm 
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saturated at ~ 50% of its initial intensity, whereas in NH4OH solutions (Figure 3-4 (b) and Figure 

3-4 (c)) the absence of a surface passivating layer resulted in the PL signal too weak to be detected 

with the employed PL setup. In view of that, PL data could reveal, in situ, accumulation of oxides 

at the surface of the investigated nanoheterostructures, in DI H2O, and it could indicate 

homogenous and constant photo-ALE of GaAs and AlGaAs layers in NH4OH, under the applied 

experimental conditions.  

This was corroborated with ICP-MS data, shown in Figure 3-5. A linear dependence 

between calculated and ICP-MS detected As3+ ions was observed for the samples photoetched up 

to 60 nm deep in DI H2O (Figure 3-5 (a)), however experimental data started to deviate from 

calculation points at etch depth deeper than 60nm, in agreement with saturation of PL data at this 

etch depth. At the same time, a large deficit of Ga3+ ions detected in the photo-ALE product from 

the early stage of the photoetching process in DI H2O (Figure 3-5 (b)), which is consistent with 

the formation/accumulation of Ga2O3 in water on the surface of the above bandgap illuminated 

GaAs [121]. This suggests that it is impossible to produce stoichiometric surfaces of GaAs or 

AlGaAs dissolving in DI H2O, beyond etch depth of ~ 8 nm. In contrast, the ICP-MS results of 

photo-ALE in 28% of NH4OH presented in Figure 5 (c) and Figure 5 (d) demonstrated an 

excellent agreement between the concentrations of As3+ and Ga3+ ions detected in the photo-ALE 

product with those expected for these ions released by the photoetching nanoheterostructures, at 

least up to ~ 110 nm deep. The congruent character of the observed decomposition is consistent 

with the formation of a stoichiometric surfaces of GaAs and AlGaAs at the end of each etching 

cycle. 

The interaction of Al ions released by photoetching AlGaAs with H2O and O2 could lead 

to formation of Al2O3 and Al(OH)3 [130]. Indeed, the Al-O stretching mode (520 cm-1) identified 

with the FTIR data shown in Figure 3-6 points out to the presence of Al2O3. Consistent with this 

are high resolution XPS scans for Ga 3d and Al 2p shown in Figure 3-7 that confirm the presence 

of Ga2O3 as well as Al2O3 and Al(OH)3. These compounds could prevent diffusion of O or H2O 

molecules towards the oxide-semiconductor interface, resulting in reduced photoetching rates. 

However, no Al ion was detected in the photo-ALE product for the calibrated ICP-MS range. The 

absence of Al ions in the ICP-MS data of photo-ALE samples could imply that Al compounds, 

due to their poor solubility in NH4OH [122, 134] and water [134] remained on the surface of 
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photoetching samples. Alternatively, the inability of detecting Al ions in NH4OH could be related 

to the known difficulty of the ICP-MS technique in tracing metals in NH4OH [131, 132]. 

The AFM data revealed that surface of the GaAs/AlGaAs nanoheterostructure photoetched 

in NH4OH was smoother (Figure 3-8 (f), σRMS = 0.93 nm) compared to the surface of that 

nanoheterostructure photoetched in DI H2O to a comparable depth (Figure 3-8 (e), σRMS = 2.1 nm). 

Furthermore, the photo-ALE process of J0152 etched in DI H2O to less than ~14 nm (Figure 3-8 

(b) to Figure 3-8 (d)) did not increase significantly the surface roughness of processes samples. 

Hence, consistent with the XPS and FTIR data, the source of the increased roughness must be 

related to surface accumulated oxides poorly dissolvable in DI H2O. Clearly, while etching in 

NH4OH eliminates accumulation of Ga- and As-oxides on the etched surfaces, the use of ammonia 

is not efficient in removing Al-oxides and Al-based compounds. As the accumulation of these 

products is expected in proportion to the overall thickness of photo-ALE GaAs/AlGaAs 

nanoheterostructures, it is reasonable to expect that the presence of these products is responsible 

for the increased surface roughness of the 105.6 nm deep etched sample (σRMS = 0.93 nm). The 

reported here σRMS values require additional discussion as it is known that high-quality GaAs (001) 

surfaces are characterized by σRMS ≤ 0.5 nm (e.g., Karkare et al.[135]), and chemo-mechanical 

polished (CMP) epi-ready GaAs (001) could have σRMS ≤ 0.15 nm ([136]). However, we note that 

the samples investigated in this report were diced out from a wafer that was photoresist coated to 

minimize the inclusion of semiconductor dust generated during dicing. This procedure was carried 

out in a fabrication environment class 10000, and no special surface treatment, such as CMP or 

thermal annealing, was applied to these samples after photoresist removal. Under these conditions, 

σRMS = 0.75 nm for the reference sample (Figure 3-8 (a)) seems a reasonable result. 

The unique ability of the photo-ALE process in providing a rapid assessment of the 

semiconductor etching characteristics was further underscored by photo-ALE data of wafer with 

multiple nanoheterostructures (Figure 3-9). We argue that under constant photo-ALE rates, the 

positions of PL-revealed maxima (interfaces) depend linearly on the thickness of the investigated 

nanoheterostructures. This was achieved for D3433 sample etched in NH4OH up to 80 nm deep, 

as presented in Figure 3-9 (b) (full squares). The constant etch rate during photo-ALE of a 

semiconductor nanoheterostructure is indicative of the congruent decomposition of material, 

consistent with the ICP-MS results reported in Figure 3-5 (c) and Figure 3-5 (d). However, the 
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use of NH4OH for deep photo-ALE of AlGaAs nanoheterostructures must be further explained as 

it is known that NH4OH-based solutions were used for selective etching of GaAs over AlGaAs 

[122], [137]. This is because the Al–O bond is much stronger than that of Ga–O and As–O, which 

would lead to surface accumulation of Al2O3. Thus, it is plausible to expect that the linear (CN 

proportional) etching of the investigated here GaAs/AlGaAs nanoheterostructures, significantly 

thicker than 80 nm, would require Al-oxide etching solutions, such as hydrofluoric acid or 

phosphoric acid [122]. In contrast, PL data for the same nanoheterostructures photoetching in DI 

H2O (Figure 3-9 (c), open circles) suggest that non-linear photoetching takes place at depths 

exceeding 35 nm. This is consistent with the decelerating photo-ALE rate due to accretion of 

Ga2O3 (Figure 3-7 (a)) and with the significant deficit of Ga3+ ions detected with ICP-MS, for 

more than ~ 8 nm of etched GaAs (Figure 3-5 (b)). It seems that a more accurate PL-based 

assessment of the photo-ALE process would be still possible, e.g., by reducing the average amount 

of material etched in an individual photo-ALE cycle. Nevertheless, these results demonstrate the 

attractive application of a PL-based diagnostics for monitoring in situ formation of stoichiometric 

surfaces of nanoheterostructures of compound semiconductors. 

3.7. Conclusion 

Mechanisms of digitally photo-ALE of GaAs/Al0.35Ga0.65As nanoheterostructures in DI 

H2O and NH4OH environments were investigated. The photoetching was induced with a low 

power 660 nm LED (P ≈ 16-20 mW/cm2) and monitored in situ with PL emitted by the 

investigated nanoheterostructures. The ICP-MS detected concentrations of the photo-ALE 

products were compared to the calculated concentrations of As3+and Ga3+ ions expected to be 

released by photoetching GaAs and AlGaAs layers of known thickness. A deficit of Ga3+ ions in 

the photo-ALE product was detected for the nanoheterostructures photoetched in DI H2O, 

suggesting that it is impossible to produce stoichiometric surfaces of GaAs or AlGaAs dissolving 

in such an environment, for photoetch depth over ~ 8 nm. In contrast, the ICP-MS results exhibited 

an attractive agreement between the concentrations of As3+ and Ga3+ ions in the photo-ALE 

products and those expected for As3+ and Ga3+ ions released by the nanoheterostructures 

photoetched in NH4OH, at least up to ~ 110 nm deep. The congruent character of the 

decomposition in this case was consistent with the constant photo-ALE rate and formation of 

stoichiometric surfaces. The constant photo-ALE rate of GaAs was also demonstrated with PL 
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data for the nanoheterostructures photoetched in NH4OH. The AFM data confirmed the formation 

of a relatively smooth surface (σRMS = 0.93 nm) of a GaAs/AlGaAs nanoheterostructure (J0152) 

photoetched in NH4OH to a depth of 105.6 nm. In contrast, the surface of that nanoheterostructure 

photoetched to a comparable depth in DI H2O was significantly rougher (σRMS = 2.1 nm), 

consistent with the surface accumulation of Ga2O3 and other Al-based compounds. Since Al(OH)3 

could pile up on the surface of GaAs/AlGaAs nanoheterostructures photoetched in NH4OH, the 

fabrication of stoichiometric surface of nanoheterostructures photoetched significantly deeper 

than100 nm requires Al compound etching environments, such as those comprising hydrofluoric 

or phosphoric acids.  

The concept of photo-ALE is similar to the conventional atomic layer etching of 

semiconductors. However, there are some fundamental differences pointing to the potential 

advantage of a photo-process in nanostructuring of compound semiconductors and fabrication of 

advanced nanoscale devices. Firstly, the photo-ALE allows a sub-monolayer precision of material 

removal without the need of changing the hardware that, normally, is required by the conventional 

digital etching methods. Secondly, the photo-ALE process can be monitored in situ with either 

photoluminescence of a processed wafer, or the open circuit potential of the photoetching material, 

as demonstrated by us recently [109]. Thirdly, since an enhanced dissolution of the surface 

accumulating photo-ALE products is expected in the forced flow of a photoetching liquid, a 2-step 

etching cycle could be reduced below the shortest cycle of 25 sec investigated in this report, which 

would result in an accelerated further photoetching process. These results demonstrate a relatively 

simple process for in situ chemical diagnostics of ALE and fabrication of compound 

semiconductor nanodevices that expands beyond, e.g., topographical characterization of etched 

semiconductor surfaces [138].  

3.8. Associated Content 

S1. PL spectroscopy at 20 K and during photo-ALE at 298 K (Wafer J0150); S2. Calculations of 

ions released from J0152 samples in DI H2O and NH4OH; S3. Dark corrosion data for J0152 in DI 

H2O and NH4OH 
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3.11. Supporting Information 

3.11.1. PL spectroscopy at 20 K and during photo-ALE at 298 K (Wafer 

J0150) 

Figure 3-10 (a) shows the low-temperature PL spectrum of J0152 excited with ~ 600 

W/cm2 power of a 532 nm diode laser. The signal was collected with a SPEX (Model 1704), a 

thermoelectrically cooled photomultiplier tube (Hamamatsu, model R2658) and a lock-in 

amplifier. Figure 3-10 (b) and Figure 3-10 (c), respectively, illustrate spectral and temporal 
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variations of the PL emission from J0150 in DI H2O. Measurements were carried out using a 

hyperspectral imaging photoluminescence mapper (HI-PLM), equipped with a 532 nm laser, 

computer-controlled volume Bragg gratings, beam homogenizing microlens array and a Peltier 

cooled high sensitivity CCD camera [139]. Pulses of 6 second duration with a 60 sec period 

(DC = 6/60) delivered an excitation power density of P = 70 mW/cm2. Note that the J0150 wafer 

has nominally the same structure as that of J0152 [104]. 

 

Figure 3-10. (a) Low temperature (20 K) PL spectrum showing a 724 nm peak, originating from the 

3 nm GaAs layer, the 821 nm peak, originating from band-to-band transitions in GaAs, and the 

832 nm peak related to donor-acceptor pair transitions (inset shows schematically the band 

diagram of the J0150 GaAs/AlGaAs nanoheterostructure). (b) A series of PL spectra measured 

with HI-PLM during photo-ALE of the nanoheterostructure in DI H2O (DC = 6/60, 

P = 70mW/cm2). Note that it took ~ 60 sec to collect a single spectrum with HI-PLM. (c) Temporal 

plot of PL intensity variations for the spectra shown in Figure S1b.  
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3.11.2. Calculations of ions released from J0152 samples in DI H2O and 

NH4OH 

GaAs and AlxGa1-xAs have a zinc blende crystal structure, with a lattice constant of 5.65325 

Å and 5.65325+0.0078x Å, respectively. In case of GaAs, there are 4 Ga and 4 As atoms in the 

unit cell, and in case of AlxGa1-xAs, since Ga atoms are substituted by mole faction of x, there are 

4x of Al, 4 × (1-x) of Ga and 4 As atoms. Furthermore, the atomic weights of Ga, As and Al are 

69.723 u, 74.9216 u and 26.9815 u, respectively, where 1 u = 1.66 × 10−27 kg. Individual mass of 

atoms in a unit cell is ][10×66.1×× 27 kgMWNBM −= , where NB is number of atoms and MW is 

atomic weight. Then the atomic density is ][
.. 33 m

kg

CL

M
p = , where L.C. is lattice constant of related 

material in m [140, 141]. 

For GaAs, the total mass in a unit cell is: 

][kgMAsMGaM GaAsGaAsGaAs +=    (3-5) 

where MGaGaAsand MAsGaAs are as follow: 

][10×66.1×69.723×4 27 kgMGaGaAs

−=    (3-6) 

][10×66.1×74.9216×4 27 kgMAsGaAs

−=    (3-7) 

Then the atomic density is: 

][
)01×65325.5( 3310 m

kgMGa
pGa GaAs

GaAs −
=    (3-8) 
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][
)01×65325.5( 3310 m

kgMAs
pAs GaAs

GaAs −
=    (3-9) 

Alternatively, for Al0.35Ga0.65As the total mass in a unit cell is: 

][kgMAlMAsMGaM AlGaAsAlGaAsAlGaAsAlGaAs ++=    (3-10) 

where MGaAlGaAs, MAsAlGaAs and MAlAlGaAs are as follow: 

][10×66.1×69.723×4×65.0 27 kgMGaAlGaAs

−=    (3-11) 

][10×66.1×74.9216×4 27 kgMAsAlGaAs

−=    (3-12) 

][10×66.1×26.9815×4×35.0 27 kgMAlAlGaAs

−=    (3-13) 

Then again the atomic density is: 

][
)01×656.5( 3310 m

kgMGa
pGa AlGaAs

AlGaAs −
=    (3-14) 

][
)01×656.5( 3310 m

kgMAs
pAs AlGaAs

AlGaAs −
=     (3-15) 

][
)01×656.5( 3310 m

kgMAl
pAl AlGaAs

AlGaAs −
=    (3-16) 

By multiplying the atomic density with the volume of each GaAs and AlGaAs layer (in 

m3), and considering the LED spot size of 3.2 mm2, we can calculate the mass of each desired 

layer. Since we used 5 mL of each solution (0.005 kg of DI H2O or 0.0044 kg of NH4OH), for each 

layer of concern (layer x), the obtained numbers will be converted to parts per billion as follows:  



59 
 

][
solutionofMass

ppb
xlayerofMass

ElementofMass xlayer

+
   (3-17) 

Figure 3-11 shows the calculated number of ions released from photoetching J0152 sample 

(down to the bottom of 2nd AlGaAs layer) in 5 mL of DI H2O (Figure 3-11 (a)) and in 5mL 

NH4OH (Figure 3-11 (b)). The photo-ALE rates of 0.08 ± 0.005 nm/cycle, in DI H2O, and 0.34 ± 

0.003 nm/cycle, in NH4OH, were taken into account (data are presented in Figure 3-4). It must be 

noted that the number of Ga atoms in AlGaAs is reduced in comparison to those in GaAs due to 

the stoichiometric ratio of AlGaAs, which is 0.35:0.65:1. This results in sub-liner evolution of Ga 

in the calculated data, presented in Figure 3-11 (a) and Figure 3-11 (b). 

 

Figure 3-11. Calculated concentration of As
3+

 and Ga
3+

 ions released by GaAs/Al0.35Ga0.65As 

samples (wafer J0152) versus cumulative sample thickness, in 5 mL of DI H2O (a) and in 5mL of 

NH4OH (b). 
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3.11.3. Dark corrosion data for J0152 in DI H2O and NH4OH 

 

Figure 3-12. Concentration of ICP-MS detected As
3+

 and Ga
3+

 ions released in darkness during the 

same period of time as that of photo-ALE experiments of GaAs/Al0.35Ga0.65As nanoheterostructures 

in DI H2O (a) and (b), respectively, and in NH4OH (c) and (d), respectively.  

  



61 
 

CHAPTER 4. Photonic Biosensor Based on 

Photocorrosion of GaAs/AlGaAs Quantum 

Heterostructures for Detection of Legionella 

pneumophila 
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Contribue au document : Ce chapitre décrit, pour la première fois, la détection de L. pneumophila 

à l’aide de la réponse photonique des nanohétérostructures GaAs/AlGaAs. Nous avons démontré 

que la longueur de Debye joue un rôle important dans le contrôle des performances du biocapteur 

et qu’elle pourrait être modifiée pour intensifier davantage l’effet de charge des bactéries. En outre, 

une évaluation approfondie est fournie, en particulier dans le contexte des propriétés biophysiques 

de différentes bactéries et de leurs différentes charges électriques de surface et efficacité 

d'immobilisation. Les problèmes et obstacles potentiels restreignant la limite de détection de la 

technologie QSPB pour la détection de L. pneumophila sont détaillés. 

Résumé français : Le processus de photocorrosion de semi-conducteurs est très sensible à la 

présence d'états de surface, et il peut être influencé par les molécules chargées électriquement 

immobilisées à proximité de l'interface du semi-conducteur/électrolyte. Le mécanisme principal 

est lié à la flexion de la bande d’énergie de la structure du semi-conducteur à proximité de sa 

surface et aussi à la distribution des électrons et des trous excités associées à la flexion de la bande 

d’énergie. Nous avons étudié la photoluminescence des hétérostructures quantiques GaAs/AlGaAs 

pour le monitoring «in situ» de la photocorrosion, ce qui nous a permis de démontrer la détection 

de Legionella pneumophila non-croissante en suspension dans une solution saline tamponnée au 

phosphate. Des biopuces fonctionnalisées par des anticorps ont permis la détection directe de ces 

bactéries à 104 bactéries/ml. Nous discutons de la sensibilité de ce processus relié à la possibilité 

de créer des conditions appropriées pour le processus de la photocorrosion à des taux lents ainsi 

que l'interaction d'une charge électrique de bactéries avec la surface d'un semi-conducteur bio-

fonctionnalisé.  
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4.2. Abstract 

Photocorrosion of semiconductors is strongly sensitive to the presence of surface states, and 

it could be influenced by electrically charged molecules immobilized near the 

semiconductor/electrolyte interface. The underlying mechanism is related to band bending of the 

semiconductor structure near the surface and the associated distribution of excited electrons and 

holes. The authors have employed photoluminescence of GaAs/AlGaAs quantum heterostructures 

for monitoring in situ the photocorrosion effect, and demonstrating detection of nongrowing 

Legionella pneumophila suspended in phosphate buffered saline solution. Antibody functionalized 

samples allowed direct detection of these bacteria at 104 bacteria/ml. The authors discuss the 

sensitivity of the process related to the ability of creating conditions suitable for photocorrosion 

proceeding at extremely slow rates and the interaction of an electric charge of bacteria with the 

surface of a biofunctionalized semiconductor. 

4.3. Introduction 

Reduction in the risk of diseases associated with growth and propagation of pathogenic 

bacteria in water supplies requires frequent and rigorous assessment of the bacteriological quality 

of drinking and industrial water [1, 3, 4]. Certain conditions make our plumbing systems and 

cooling towers an attractive habitat for Legionella pneumophila. These bacteria have been 

recognized as the source of infection through inhalation of aerosols from contaminated water 

leading to outbreaks of Legionellosis and of Pontiac fever [5, 142-144]. Thus, regular monitoring 

and frequent L. pneumophila testing should be conducted to ensure that these bacteria are not 

present in water systems. 

To detect the presence of pathogenic bacteria or microorganisms in aqueous solutions, 

conventional methods have been applied for a long period of time; however, they are normally 

time consuming and relatively expensive, making them unsuitable for frequent analysis of water. 

Full description of the performance of these techniques and detailed comparison of their pros and 

cons are extensively discussed in literature [1, 2, 33, 43, 143, 145]. Both academia and R&D 

sectors of industrial companies have spent a great deal of effort to develop low cost and fast 

biosensing methods, specifically for detection of pathogens in water. Nevertheless, up until now, 
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few biosensing platforms have been found attractive and achieved commercial success, such as 

those for point-of-care diagnostics [146-148]. Biosensors use biologically sensitive bioreceptors 

together with suitable transducers [149]. Among techniques explored for detection of L. 

pneumophila and Escherichia coli, the most popular are surface plasmon resonance [13], surface 

acoustic wave [14], and electrochemical impedance spectroscopy [15]. Significant attention has 

been paid toward the development of transducers since they could determine the overall 

performance and detection limit of a biosensor. Some transducers are relatively fast and sensitive, 

but often technical complexity or excessive price of such biosensors prevent them from replacing 

traditional methods of detection. 

Studies of semiconductor photoluminescence (PL) based biosensors have demonstrated the 

potential of this approach for sensitive detection of biomolecules [25, 55, 57, 150]. The PL effect 

has also been employed for the investigation of a slow photocorrosion process of GaAs/AlGaAs 

quantum heterostructures. Progress with monitoring the process of semiconductor/electrolyte 

interface formation has allowed development of methods for selective area etching of GaAs [65], 

and photo-assisted etching of GaAs and AlGaAs with an etch depth resolution down to the 

micrometer level [151]. The current approach employing the photocorrosion process for 

biosensing, however, is based on the ability to control etch depth resolution pushed down to the 

nanometer level. Since GaAs and AlGaAs have nearly identical lattice constants, the band-gap of 

these heterostructures could be flexibly engineered to provide two dimensional electron gas based 

devices [26, 27], which could also be of potential interest for biosensing. Furthermore, the optically 

confined GaAs/AlGaAs epitaxial heterostructure exhibits strong PL in the near-infrared window, 

where the biological materials have minimal absorption (700–1300 nm) [28]. This makes 

GaAs/AlGaAs and other semiconductor microstructures emitting in the near infrared region 

potentially attractive for developing photonic nanobiosensors designed for monitoring biological 

processes in vivo. The electrostatic interaction between bacteria and the semiconductor depends 

on the bacteria charge, concentration, average distance between immobilized bacteria and 

semiconductor surface, and a dielectric constant of the environment. Thus, the investigation of 

these parameters is of paramount importance for the development of attractive 

photoelectrochemical biosensors. Recently, we have demonstrated that the photocorrosion process 

of GaAs/AlGaAs heterostructures could be used to carry out the direct detection of electrically 
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charged E. coli bacteria interacting with the semiconductor surface at 103 colony-forming units 

per milliliter (CFU/ml) [30]. Given that the proposed detection is a relatively new approach, while 

the electric charge on the surface of a bacterial cell and bacterial zeta potential depend on the 

biophysical properties of bacteria, it would be important to evaluate the proposed technology for 

detection of different bacteria. 

In this paper, we investigate the photocorrosion process of GaAs/AlGaAs quantum well 

heterostructures, and we examine the photocorrosion based biosensing approach for detection of 

heat-killed L. pneumophila diluted in phosphate buffered saline (PBS) solution. 

4.4. Experimental Approach 

4.4.1. Materials and Apparatus 

A detailed structure of two wafers investigated in this work is shown in Figure 4-1. For 

both wafers, an undoped 500 nm thick GaAs buffer layer was first grown on a semi-insulating 

GaAs (001) substrate. One structure (wafer V0881) is terminated by a 116 nm-thick Al0.35Ga0.65As 

barrier capped with a 10 nm-thick GaAs layer (Figure 4-1 (a)). For the second wafer (J0150), a 

GaAs/AlGaAs quantum well structure was grown on the GaAs buffer layer (Figure 4-1 (b)) and 

capped by an 8 nm-thick GaAs layer. 

Biotinylated polyethylene glycol (Bio-PEG) was obtained from Prochimia Surfaces 

(Gdansk, Poland) and hexadecanethiol (HDT) was bought from Sigma-Aldrich (ON, Canada). 

Neutravidin was bought from Molecular Probes (Invitrogen, Burlington, Canada). Polyclonal 

biotinylated antibody against L. pneumophila was purchased from ViroStat, Inc. (Portland, 

Maine). PBS 10X, pH 7.4, was purchased from Sigma (Oakville, Canada). OptiClear was obtained 

from National Diagnostics (Mississauga, Canada), acetone from ACP (Montréal, Canada), and 

isopropyl alcohol (IPA) from Fisher Scientific (Ottawa, Canada). Ammonium hydroxide 28% 

(NH4OH) was purchased from Anachemia (Richmond, Canada). We used deionized water (DI-

water), 18.2 MX, produced with Millipore purification custom system build by Culligan (PQ, 

Canada). Gold chloride was purchased from Sigma-Aldrich (ON, Canada). The L. pneumophila 

ssp1 was provided from industrial water by Magnus Chemicals Ltd. (Boucherville, Canada) and 
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cultured in buffered charcoal yeast extract agar medium. About six colonies were suspended in 

5ml PBS, and their concentration was measured by an optical densitometer operating at 600 nm. 

To prevent infection, we heated L. pneumophila containing solutions at 90 °C for 20min [152]. 

The initial concentration was 8×107 CFU/ml. Bacillus subtilis bacteria were obtained from the 

Department of Biology of the University of Sherbrooke (Québec, Canada). These bacteria were 

grown in minimal broth and stored in 50% glycerol at -22 °C. Before usage, bacteria were aliquoted 

at 106 CFU/ml and centrifuged for 25min at 3000 rpm. The medium was removed, and bacterial 

pellets were suspended in PBS. The pellets were washed by a second centrifugation for 15 min 

followed by pellets’ resuspension in PBS. Finally, the suspension was heated at 90 °C for 20 min 

to arrange for a sound comparison with heat-treated L. pneumophila. For heat-treated bacteria, we 

will use term “bacteria/ml” instead of “CFU/ml” throughout this report. 

 

Figure 4-1. Schematics of GaAs/Al0.35Ga0.65As quantum-heterostructures studied in this work. 

The low-temperature (20 K) PL measurements were carried out using a diode laser emitting 

at 532 nm. The laser power was kept at 50 mW, and the chopped excitation beam (at 300 Hz) was 

focused on a spot diameter (at 1/e) of about 100 µm. The PL emission was collected and refocused 

on the entrance slit of a 1 m-spectrometer (SPEX, model 1704). The PL signal was measured using 

thermoelectrically cooled photomultiplier tube (Hamamatsu, model R2658) and a lock-in 

amplifier. 

Bacteria detection experiments were conducted at room temperature using a custom 

designed quantum semiconductor photonic biosensor (QSPB) reader. A schematic of the QSPB 

reader is shown in Figure 4-2. It employs a 660 nm light emitting diode (LED) source for 

excitation of samples and a CCD camera for recording PL signal. A long pass filter with a 
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transmission wavelength range of 840–1650 nm (Edmunds 86–070) was used to collect PL signal 

dominated by 870 nm emission from the 500 nm thick GaAs layer of the investigated 

microstructures. All PL plots were collected for samples irradiated, typically, at 20 mW/cm2. 

 

Figure 4-2. Schematic diagram of the QSPB reader employed for collecting PL signal from 

biofunctionalized GaAs/AlGaAs samples. 

4.4.2. Sample Preparation Steps and Conditions 

Semiconductor chips of 2×2 mm dimensions were diced from a 4-in. wafer whose surface 

was protected by spin-coated photoresist. The samples were sequentially cleaned in OptiClear and 

IPA for 5min and anhydrous ethanol and DI-water for 2 min, all using an ultrasonic bath. 

Afterward, they were dried by high purity nitrogen flow and immersed in ammonium hydroxide 

(28%) for 1-min, rinsed with DI-water, and dried with a nitrogen flow. Next, the bottom surface 

of the chips was immediately exposed to a solution of gold chloride (2mM in DI-water) with a 

three-time repetition of the following sequences: 3 min exposure to gold chloride, rinsed with DI-

water, and dried with nitrogen flow. Then, chips were exposed to acetone to remove the protective 

photoresist layer from their top surfaces (active area). Degreasing steps were carried out in an 

ultrasonic bath of OptiClear, acetone, and IPA, each 5min. Following this step, chips were dried 

by nitrogen flow and immersed in ammonium hydroxide for 1.5 min to remove a native oxide 

layer. Next, chips were rapidly rinsed with anhydrous ethanol and directly transferred to a thiol 

solution consisting of 0.15mM biotinylated PEG thiol and 1.85mM HDT diluted in deoxygenized 

ethanol. The samples were incubated in the thiol solution for 20 h at room temperature and in 
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darkness. After the thiolation process, chips were rinsed with anhydrous ethanol to remove 

physisorbed thiols and rinsed with 1X PBS and incubated with neutravidin, 0.2 mg/ml in 1X PBS, 

for 2 h. Next, the chips were rinsed with 1X PBS and incubated with an antibody solution, 0.1 

mg/ml in 1X PBS, for 1 h. Finally, the chips were rinsed with 0.1X PBS and transferred to a flow 

cell. For bacteria detection tests, the biofunctionalized chips were first exposed to bacteria solution 

(in 0.1X PBS) for 25min at a flow rate of 0.04 ml/min, then for 5min in a without flow condition. 

Afterward, 0.1X PBS was injected continuously for another 30 min. At the final stage, the chips 

were transferred from the flow cell into a petri dish, where they were rinsed with DI-water while 

slowly shaking the petri dish. This process was repeated three times in an effort to remove 

physisorbed bacteria from the semiconductor surface prior to counting bacteria by optical 

microscopy. Figure 4-3 shows a schematic view of a GaAs/AlGaAs biochip after being exposed 

to bacteria. 

 

Figure 4-3. Schematic view of a GaAs/AlGaAs biochip functionalized with a Bio-

PEG/HDT/Neutravidin/antibody architecture. 

4.5. Temporal Evolution of PL Emission from Quantum 

Heterostructure 

When a semiconductor surface is in contact with an electrolyte, the difference between the 

work function of these two materials will impose a transient charge transfer, until a thermodynamic 

equilibrium is reached. At equilibrium, the Fermi level in the semiconductor is aligned with the 

electrochemical potential (redox) level. The charge transfer process will lead to band bending at 

the interface of the semiconductor-electrolyte. The band bending is normally upward for n-type 
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semiconductor. The built-in electric field tends to separate the electron-hole pairs generated in the 

depletion region near the interface and this may cause a reduction of the PL signal [61, 62]. 

Moreover, absorption of ions on the surface of the semiconductor leads to the formation of a double 

layer and generation of some extrinsic surface states depending on the type of the electrolyte [153]. 

Now, at the GaAs/electrolyte interface, the semiconductor surface chemistry will be affected and 

GaAs could begin corroding.  

4.6. Photocorrosion Concept 

It is generally accepted that in case of III–IV semiconductors the holes are responsible for 

initiation and progression of the corrosion process, which for GaAs is described by the following 

reaction formula [154]:  

    (4-1) 

This process, normally inefficient in the dark, for n-type semiconductor can be 

photoactivated. In such a case, the built-in electric field will drive the photogenerated holes toward 

the semiconductor/electrolyte interface and the electrons in the opposite direction [64]. The excess 

density of holes will speed up the photocorrosion process. The dynamics of this process depends 

on the built-in potential (concentration of reduced ions) as well as the illumination level. It is 

therefore possible to regulate the rate of the electrolytic decomposition reaction by controlling 

these quantities [155]. This concept becomes more important when discussing 

photodecomposition of semiconductors in an electrolytic solution exposed to charged particles. If 

charged particles approach the semiconductor surface and change its band bending condition, this 

could affect the rate of semiconductor decomposition. The surface recombination velocity (SRV) 

and band bending are important factors influencing PL intensity of semiconductors. In general, 

surface recombination is nonradiative and band bending separates electron-hole pairs, both 

resulting in reduced PL intensity [55]. Marshall et al. argued that an interfacial dipole layer near 

the surface of GaAs upon chemisorption of thiols reduces SRV causing increased PL intensity 

[57]. Since PL of GaAs is strongly correlated with the presence of surface states, we can track PL 

variations as an indicator of SRV changes. Figure 4-4 displays a schematic band structure diagram 

of a semiconductor/electrolyte interface for an n-type semiconductor. Miller and Richmond 

+++ ++→++ HHAsOGahOHGaAs 362 2

3

2
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experimentally demonstrated that the photocorrosion rate is higher for upward band bending in n-

type GaAs than that observed under flat band condition [60]. 

To investigate the photocorrosion process, we studied optical spectroscopy of V0881 and 

J0150 samples at 20K. These results were compared with the photocorrosion of J0150 observed at 

300K with the QSPB reader. A 12-h exposure to a train of 3 s pulses delivered every 60 s was 

employed to demonstrate the removal of the second GaAs layer (3 nm thick quantum well) of the 

J0150 nanostructure. We have estimated that the cap layer of J0150 functionalized with the 

antibody photocorroded at a rate of 0.25 ± 0.01 nm/min. 

 

Figure 4-4. Schematic band structure diagram of illuminated semiconductor/ electrolyte interface, 

showing upward band bending and formation of an electric double layer. 

4.7. Bacteria Immobilization 

When bacteria are suspended in a PBS solution, the protonation and deprotonation of its 

surface groups results in charging of the bacteria surface. This surface charge affects the 

distribution of counter ions in the solution and attracts them around bacteria creating a double layer 

region over which the influence of surface charge is extended. At normal physiological pH 

between 5 and 7, the surfaces of almost all bacteria are negatively charged owing to the presence 

of proteins and other wall and cell membrane components containing phosphate, carboxyl, and 

other acidic groups [53]. The capture of bacteria could be achieved by functionalization of the 

semiconductor surface with specific antibody. Once molecular interactions between bacteria and 

antibody become dominant, the negative charge of bacteria repels the negative ions (responsible 
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for hole drag from semiconductor toward its surface) at the surface of n-type GaAs leading to 

reduced band bending and depletion region depth [156]. Hence, lower amount of holes are able to 

reach the surface and the rate of photocorrosion decreases. The effect of a decreasing 

photocorrosion rate of GaAs/AlGaAs heterostructures has been observed following the exposure 

of antibody functionalized chips to increasing concentrations of E. coli bacteria [30]. For detection 

of L. pneumophila, we first biofunctionalize GaAs/AlGaAs wafers with antibodies directed against 

this bacteria, as explained in Sec. 4.3. Next, we exposed a series of biofunctionalized chips to 

prearranged concentrations of bacteria and simultaneously collect PL data from the chips. The 

samples were irradiated with 3-s pulses (delivered in every 60-s period) of the 20 mW/cm2 

radiation of an LED operating at 660 nm wavelength.  

4.8. Results and Discussion 

4.8.1. PL Spectra and Temporal Behaviour 

The 20 K-PL spectra of the functionalized samples are presented in Figure 4-5. The PL 

peak at 821 nm (band-to band transition) and an associated peak at 832 nm (donor–acceptor pair) 

both originate from photons emitted by the GaAs buffer layer [157]. The J0150 wafer exhibits 

similar PL peaks at 821 and 832 nm and an extra peak at 724 nm, which originates from photons 

emitted by the thin GaAs quantum well (QW). For sample J0150 immersed in 0.1X PBS, this PL 

feature vanishes after a 12 h exposure to 660 nm radiation at 20 mW/cm2 (see Figure 4-5 (b)). 

Thus, the photocorrosion process must have removed at least 21 nm of the investigated 

GaAs/AlGaAs heterostructure. 



72 
 

 

Figure 4-5. Low-temperature PL spectra of fresh V0881 (a), photocorroded J0150 (b) and fresh 

J0150 (c) wafers. 

Figure 4-6 shows the time-dependent GaAs PL signal collected during the photocorrosion 

process of J0150 wafers at 300K. Two clearly distinguishable maxima are visible at t = 31 and t = 

229min. The initial rise of the PL signal was attributed to the photoinduced formation of a Ga2O3 

oxide layer on the GaAs surface exposed to water environment, often referred to as the 

photowashing effect [112, 158]. Offsey et al. [159] showed that photostimulated washing of n-

GaAs and p-GaAs increased PL intensity of such samples as a result of the reduced surface state 

density. These investigations have also indicated that removal of As and As oxide leads to band 

flattening of GaAs and increased PL intensity. It has commonly been reported that oxidation of 

GaAs surfaces results in the formation of Ga2O3 (Refs. [159, 160]) that reduces nonradiative 

recombination centers on the surface of this material [161]. The passivation process of GaAs 

surfaces through formation of Ga2O3 has been studied by ab initio molecular-orbital calculations. 

Simulation results provide theoretical support that formation of Ga2O3 results in reduced density 

of surface states. It is argued that this is derived from the initial near bridge bonded O atoms and 

surface state energy gap moving outside of the bulk energy gap [162].  The Ga2O3 oxide, due to its 

thermodynamic instability in a water environment [99] is slowly dissolved leading to a decreasing 

PL signal as the GaAs cap layer is photocorroded away. A slow dissolution of this oxide and 

progressing photocorrosion of the GaAs cap material lead to the onset of PL signal decay as the 
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photocorroding front approaches the GaAs-AlGaAs interface. Thus, PL maxima observed from 

photocorroding GaAs/AlGaAs samples are markers indicating a transition from GaAs layer to 

AlGaAs layer. We attribute the formation of maxima observed at t = 31 and t = 229min in Figure 

4-6 to the dissolution of 8 and 3 nm thick layers of GaAs, respectively. The formation of a PL 

maximum in temporal plots of PL emission from GaAs/AlGaAs quantum-heterojunctions has 

previously been used for detection of E. coli K12 bacteria [30], and the dynamics of formation of 

such maxima in GaAs/AlGaAs QW has recently been investigated [163]. We note that Fink and 

Osgood used electrical current measurement to monitor corrosion of GaAs/AlGaAs multilayers, 

but the sensitivity of their technique was not sufficient to resolve layers thinner than approximately 

1 μm [151]. 

 

Figure 4-6. Temporal PL profile of J0150 photocorroding in 0.1X PBS. 

4.8.2. Bacteria Detection  

Figure 4-7 displays examples of time dependent PL plots collected for biofunctionalized 

chips exposed to 0.1X PBS and different concentrations of bacteria diluted in 0.1X PBS. The 

formation of a clear maximum is observed in each investigated case. It can be seen that the position 

of these maxima shifts from ~ 32 min for the sample exposed to 0.1X PBS (solid curve) to 42, 52, 

and 62 min for the samples exposed to solutions of L. pneumophila at 104, 105, and 106 bacteria/ml, 

respectively. The delay of the PL maximum with increasing concentration of bacteria is consistent 

with photocorrosion of the GaAs cap material and the role negatively charged bacteria play in the 
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semiconductor-electrolyte interaction. A specificity of the L. pneumophila binding architecture 

was examined by exposing it to a solution of B. subtilis at 106 bacteria/ml. As it can be seen in 

Figure 4-7, the associated PL plot (solid circles) exhibits the same position maximum as that 

observed for the sample exposed to 0.1X PBS (solid line). Note that the kink features observed in 

this figure near 25-30 min are related to a transition from the flow to stagnant and back to flow 

conditions in the flow cell. 

 

 

Figure 4-7. Temporal behavior of the PL signal from Bio-PEG/HDT/Neutravidin/antibody 

biofunctionalized chips (J0150) exposed at 0.1X PBS to different concentrations of L. pneumophila 

and B. subtilis at 10
6
 CFU/ml. 

It should be mentioned that we were not able to detect L. pneumophila in the 1X PBS 

environment that previously was employed for successful detection of E. coli [30]. In the case of 

L. pneumophila, the positions of the PL maxima on the PL versus time plots were 

undistinguishable from those of the biofunctionalized chips exposed to 1X PBS only for bacterial 

solutions of up to 106 bacteria/ml. It seems that this result is related to an excessive ionic strength 

of the 1X PBS medium and screening of bacteria charge from the semiconductor surface [68]. 

Consistent with this are our zeta potential measurements. While zeta potential of E. coli K12 in 

0.1X PBS was found equal to - 53 mV, in agreement with literature data [164], we observed zeta 
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potential of - 24mV for L. pneumophila in the same PBS environment. This parameter is consistent 

with the weaker response of the investigated biochips to L. pneumophila. 

Due to the complexity of the biofunctionalization procedure and a limited accuracy in the 

preparation of bacterial solutions, a temporal appearance of the PL maximum may vary among 

different experiments. By collecting a series of PL runs, repeated 3-4 times for each concentration 

of L. pneumophila, we were able to construct a calibration plot exhibiting PL maxima positions 

versus concentration of bacteria, as shown Figure 4-8. It can be seen that the error in determining 

the position of PL maxima does not exceed 5%. However, the sensitivity of the current biosensing 

architecture does not allow resolving PL maxima corresponding to biochips reacting with 0.1X 

PBS and a bacterial solution at 103 bacteria/ml. Given that GaAs/AlGaAs quantum 

heterostructures respond to the average density of the bacteria immobilized on their surface, it is 

the limited ability of the investigated antibody binding architecture that seems to be the main factor 

limiting the biochip sensitivity level.  

 

Figure 4-8. PL intensity maximum vs time for numerous repeated detection runs. 

A systematic analysis of optical microscopic images, with area of 3720±7 μm2, allowed to 

determine that the biochip surface coverage with L. pneumophila, following the immobilization 

procedure described in Sec. 4.3.2, was ~ 0.09, ~ 0.28, and ~ 0.45 per 100 μm2 for the volume 

concentrations of 104, 105, and 106 bacteria/ml. In contrast, only few B. subtilis bacteria were 

captured by the biochips functionalized with L. pneumophila antibody, confirming specificity of 
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the applied bacteria binding architectures. Figure 4-9 shows examples of optical microscopic 

images of the surface of biofunctionalized J0150 chips exposed to L. pneumophila and B. subtilis 

at 106 bacteria/ml. The elongated shape of L. pneumophila bacteria, typically of 2 μm in length 

and 0.3-0.9 μm in width are clearly observed in (Figure 4-9 (a)). This shape is consistent with 

images of L. pneumophila published in literature [165]. Figure 4-9 (b) shows a control result of 

weakly present rod shaped B. subtilis bacteria on the surface of a biochip designed for detection 

of L. pneumophila.  

 

Figure 4-9. Optical microscopy of biofunctionalized chips exposed to 106 bacteria/ml of L. 

pneumophila (a) and B. subtilis bacteria (b). 

Optical microscopy of biochips for different concentrations of L. pneumophila provides 

systematic information about the bacteria immobilization efficiency under varying conditions, as 

well as quantitative statistics required for further assessment and modeling of system performance. 

Given that optical microscopy images of surfaces shown in Figure 4-9 were captured after three 

washings with DI-water, it is reasonable to assume that this procedure resulted in the removal of 

most unattached (physisorbed) bacteria [166]. Thus, it is reasonable to assume that L. pneumophila 

found on the surface of these biochips has been tethered by the strong bacteria-antibody 

interaction. 

4.9. Conclusions 

We have employed a photocorrosion-based method for detection of L. pneumophila 

bacteria in phosphate buffered saline solution. The approach is based on monitoring the 

photocorrosion of GaAs/AlGaAs heterostructures with photoluminescence originating from a 



77 
 

GaAs epitaxial layer buried under heterostructures. The slow rate of photocorrosion is achieved 

by exposing PBS surrounded chips to low-intensity radiation (~ 20 mW/cm2) that also serves to 

excite the PL signal. To shed some light on the resolution of the investigated photocorrosion 

process, we studied low temperature PL spectroscopy of a GaAs/AlGaAs quantum heterostructure 

comprising a 3 nm thick GaAs QW located 18 nm below the surface, as well as a time dependent 

PL during photocorrosion of such a heterostructure. The appearance of two maxima in a time 

dependent PL plot could be linked to the dissolution of an 8 nm thick GaAs cap and a 3 nm thick 

GaAs QW, consistent with vanishing of the QW PL emission from a similar sample that underwent 

photocorrosion for 12 h. Given that the photocorrosion rate of GaAs depends on the concentration 

of holes appearing at its surface, the electrostatic interaction between the bacteria and the 

semiconductor could affect that rate and, consequently, change position of PL maxima observed 

on time dependent plots.  

The photocorrosion-based detection of L. pneumophila in 0.1X PBS has been demonstrated 

between 104 and 106 bacteria/ml. The tenfold diluted PBS in comparison to 1X PBS we used 

recently for detection of E. coli K12 (Ref. [30]) was dictated by our inability to distinguish between 

the position of PL maxima of biochips photocorroding in 1X PBS (reference test) and different L. 

pneumophila bacterial solutions. This seems to be related to the reduced interaction with the 

semiconductor surface of L. pneumophila bacteria that are characterized by significantly weaker 

zeta potential than that of E. coli K12. Indeed, our measurements carried out for heat-killed E. coli 

K12 in 0.1X PBS indicated a zeta potential equal to - 53 mV in agreement with literature data, 

while a zeta potential of - 24mV was measured for heat-killed L. pneumophila in the same PBS 

environment. This property might explain the weaker sensitivity level of detecting L. pneumophila 

(104 bacteria/ml) in comparison to that of E. coli K12 (103 bacteria/ml) with the investigated 

biofunctionalized GaAs/AlGaAs quantum heterostructures. However, other parameters, such as 

binding affinity of the employed antibodies, could also influence the sensitivity level observed 

with current experiments. We note an excellent specificity achieved with the investigated L. 

pneumophila antibodies as only few B. subtilis bacteria were observed on the investigated biochips 

exposed to 106 bacteria/ml of those bacteria diluted in PBS. 
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CHAPTER 5. Electrically Biased GaAs/AlGaAs 

Heterostructures for Enhanced Detection of Bacteria 
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Contribution au document : Ce chapitre décrit la mise en œuvre d’une technique électrochimique 

destinée à améliorer l’adhésion des bactéries à la surface d’un biocapteur dans le but d’améliorer 

la limite de détection. On discute ici des conditions permettant de réduire l’effet de répulsion de 

surface et, éventuellement, de faciliter l’immobilisation bactérienne à la surface des semi-
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conducteurs bio-fonctionnalisés. Le processus d’adhésion bactérienne est étendu sur la base de la 

théorie DLVO et de la structure d’énergie des bandes des semi-conducteurs dans un environnement 

électrolytique. 

Résumé français : Nous avons examiné l'influence de la polarisation électrique sur 

l'immobilisation des bactéries à la surface des hétérostructures GaAs/AlGaAs, fonctionnalisées 

avec une architecture à base d'alkanethiols. Un mélange de polyéthylène glycol (PEG) thiol 

biotinylés et d'hexadécanethiol a été appliqué pour fixer la neutravidine et des anticorps ciblant 

une immobilisation spécifique de Legionella pneumophila. Une installation électrochimique a été 

conçue pour polariser des échantillons bio-fonctionnalisés avec l'électrode de référence potentielle 

par rapport à l'électrode d'argent/chlorure dans un système de configuration à trois électrodes. 

L'efficacité de l'immobilisation a été examinée avec la microscopie à fluorescence après marquage 

des bactéries capturées avec des anticorps marqués à la fluorescéine. Nous démontrons plus de 2 

fois la capture de Legionella pneumophila, ce qui amène à penser que les biopuces électriquement 

polarisées pourraient accroître la sensibilité à la détection de ces bactéries. 

Note : À la suite des corrections demandées par les membres du jury, le contenu de cet article 

diffère de celui qui a été accepté. 
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5.2. Abstract 

We have examined the influence of electrical bias on immobilization of bacteria on the 

surface of GaAs/AlGaAs heterostructures, functionalized with an alkanethiol based architecture. 

A mixture of biotinylated polyethylene glycol (PEG) thiol and hexadecanethiol was applied to 

attach neutravidin and antibodies targeting specific immobilization of Legionella pneumophila. 

An electrochemical setup was designed to bias biofunctionalized samples with the potential 

measured versus silver/silver chloride reference electrode in a three-electrode configuration 

system. The immobilization efficiency has been examined with fluorescence microscopy after 

tagging captured bacteria with fluorescein labeled antibodies. We demonstrate more than 2 times 

enhanced capture of Legionella pneumophila, suggesting the potential of electrically biased 

biochips to deliver enhanced sensitivity in detecting these bacteria.  

Keywords: Biosensing, Bacteria Detection, Band Engineering, Debye Length, GaAs/AlGaAs 

Heterostructure, Surface assembly monolayer (SAM), Legionella pneumophila 

5.3. Introduction 

Detection of bacteria with biosensors has been investigated as an attractive alternative to 

traditional methods of bacteria counting due to its potential for a cost effective, rapid and specific 

analyte recognition [43]. Rapid detection becomes critical especially when dealing with outbreaks 

of diseases characterized by high mortality rates induced by bacteria, such as Legionella 

pneumophila (L. pneumophila). This pathogen can be dispersed via aerosol of hot-water systems 

and cooling tower water [167]. Numerous biosensing systems have been investigated for rapid 

detection of bacteria based on a variety of transducer effects that determine their sensitivity [33]. 

Recently, a photoluminescence (PL) monitored photocorrosion of GaAs/AlGaAs biochips has 

emerged as an attractive approach for rapid detection of bacteria [25, 30, 104]. The PL effect can 

provide remarkable information due to the sensitivity to surface and interfaces located phenomena. 

Generally, optical excitation and photonic data collection does not impose complicated 

prearrangements, such as creation of high quality ohmic contact; hence, PL based study becomes 

convenient and useful specifically for studying with high resistivity materials [55]. It has been 

suggested that PL of epitaxial quantum dots provides a novel platform for optical biosensing 
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capable of rapidly detecting pathogens captured on the surfaces of III–V semiconductors [168]. 

Moreover, PL of GaAs/AlGaAs nano heterostructures has been used for detection of Escherichia 

coli and L. pneumophila suspended in phosphate buffered saline solutions [25, 30, 104]. Thus, 

photonics of nanoscale materials such as semiconductor quantum heterostructures and quantum 

dots has become an attractive tool for biosensing. 

A primary step of bacteria detection with biosensor systems is an efficient immobilization 

of the bacteria on the transducer part. Most of bacteria are negatively charged under normal 

physiological conditions and at pH around 5 to 7 [53]. Furthermore, formation of a 

semiconductor/electrolyte interface is associated with redistribution of ions and, at equilibrium, 

semiconductor energy bands bend upward in an n-type semiconductor creating a negatively 

charged surface [104]. Thus, before immobilization with an antibody (Ab) through intermolecular 

interactions, bacteria experience an electrostatic interaction that plays an important role in their 

adhesion to the biosensor surface, or in the interaction with an Ab functionalized surface. A 

reasonable model of bacteria interaction with the surface could be provided using colloidal 

particles described by the DLVO (Derjaguin, Landau, Vervey, Overbeek) theory [72] that, in its 

simplest form, considers only van der Waals attraction and double layer repulsion forces to give a 

picture of how colloidal particles and surface interact electrostatically [169]. By theoretical plot of 

these two forces, Yuehuei et al. [71] explained how a double layer repulsion limits the particles 

that undergo Brownian thermal fluctuation from reaching the surface. The repulsion between a 

charged surface and bacteria could be decreased by increasing the ionic strength of the solution 

[73], however, this could limit the performance of biosensing systems based on the electrostatic 

interaction due to reduction of the Debye length [68]. 

Band bending of semiconductors and its consequences on electronic state of surfaces and 

interfaces has been extensively discussed in literature, indicating that tuning of this parameter 

could lead to formation of an electrostatic interaction facilitating bacteria immobilization [61, 

156]. In view of this, one can create conditions where less negative surface of electrically biased 

GaAs could attract a greater number of bacteria. However, selection of a bias potential for a 

GaAs/AlGaAs biochip plays an important role since at high anodic potentials, and transport of 

electrons to the GaAs valence band results in decomposition of this material, while at high cathodic 

potentials hydrogen evolution could occur [170].  
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In this paper we report on the role of electrical bias of GaAs/AlGaAs biochips, 

biofunctionalized against L. pneumophila, in achieving an enhanced immobilization of this 

pathogen. An electrochemical analyser was used for precisely applying electrical bias and, 

concurrently, voltage was monitored using an Ag/AgCl reference electrode, which provided a 

well-defined and stable potential.  

5.4. Materials, Preparation and Characterization Details  

5.4.1. Materials 

Samples used in this experiment were GaAs/AlGaAs nano-heterostructures (Wafer J0152) 

consisting of undoped epitaxial layers of GaAs and Al0.35Ga0.65As grown on a semi-insulating 

GaAs (001) substrate. Figure 5-1 presents details of this multilayer structure along with its energy 

band diagram. We note that similar nano-heterostructures were used for detection of bacteria in 

phosphate buffered saline (PBS) solutions [30, 104]. The chemical reagents were obtained as 

follow: biotinylated polyethylene glycol (Bio-PEG) from Prochimia Surfaces (Gdansk, Poland), 

hexadecanethiol (HDT) from Sigma-Aldrich (Ontario, Canada), neutravidin from Molecular 

Probes (Invitrogen, Burlington, Canada), polyclonal biotinylated and fluorescein isothiocyanate 

(FITC) conjugated antibodies against L. pneumophila from ViroStat, Inc. (Portland, Maine), PBS 

10X, pH 7.4 from Sigma (Oakville, Canada), OptiClear from National Diagnostics (Mississauga, 

Canada), acetone from ACP (Montréal, Canada), isopropyl alcohol (IPA) from Fisher Scientific 

(Ottawa, Canada), ammonium hydroxide 28% (NH4OH) from Anachemia (Richmond, Canada). 

Deionised (DI) water, 18.2 MΩ, was produced with a Millipore purification system built by 

Culligan (Quebec, Canada). The L. pneumophila ssp1 samples were provided by Magnus 

Chemicals Ltd. (Boucherville, Canada). For the reported here experiments, we worked with UV 

light killed bacteria. Throughout the text, we use term “bacteria/mL” for UV-treated bacteria.  
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Figure 5-1. Details of J0152 GaAs/AlGaAs nano-heterostructure (a), and corresponding energy 

band diagram (b) 

 

5.4.2. Functionalization Process of Biochips 

We used 2 mm × 2 mm chips diced from a GaAs/AlGaAs wafer. The backside of the chips 

was coated with gold before the biofunctionalization step. Details on creating Au contact at the 

backside of chips can be found elsewhere [104]. Gold coated chips were all degreased sequentially 

in ultrasonic bath of OptiClear, acetone and IPA for 5 min each, then dried with flow of nitrogen 

and immersed in ammonium hydroxide (28%) for 2-min, in order to remove their native oxide 

layer. Next, they were immersed in deoxygenized anhydrous ethanol and immediately transferred 

to solution of thiol (0.15 mM Bio-PEG and 1.85 mM HDT diluted in deoxygenized anhydrous 

ethanol) and kept there around 20 hours. Then, biochips were rinsed with anhydrous ethanol and 

1XPBS then post processed with neutravidin (0.2 mg/mL in 1XPBS for 1h) and then, after rinsing 

with 1XPBS, incubated for 1 h in a solution of Ab against L. pneumophila (0.1 mg/mL in 1XPBS). 

At this stage, the biochips were rinsed with 1XPBS and transferred to microfluidic setup for 

bacteria immobilization tests. At the end of bacteria incubation process, biochips were exposed for 

1 h to FITC conjugated antibodies (50µg/ml in 1XPBS) to survey presence of bacteria via 

fluorescence microscopy. As illustrated in Figure 5-2, L. pneumophila will be sandwiched 

between two antibodies.  
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Figure 5-2. Bioarchitecture of Bio-PEG/HDT/Neutravidin/Antibody for immobilization of L. 

pneumophila. After trapping the bacteria, they are stained with FITC conjugated antibodies for 

fluorescence microscopic identification. 

The influence of electric bias on GaAs biochips was studied for biochips biased at E= -0.2, 

0 and 0.2 volts and exposed for 30 min to a solution containing L. pneumophila with concentration 

at 105 bacteria/mL. For the applied bias voltages, the current-voltage characteristics of 

GaAs/AlGaAs heterostructures suggests that anodic dissolution or hydrogen evolution reactions 

of this material play a negligible role [151]. 

5.4.3. Immobilization Experiments with Biased Biochips 

After the Ab coated biochips were rinsed with 1XPBS, they were placed inside a flow cell, 

which allowed for exposure to different environments facilitated with a peristaltic pump. Figure 

5-3 displays a schematic view of the flow cell setup. After biasing a biochip, we injected L. 

pneumophila suspended in 1XPBS at, 105 bacteria/mL and incubated for 30 min under a 

continuous flow of a bacterial solution at 0.04 mL/min. Next, the biochip was removed from the 

flow cell and rinsed with DI water to wash salts and physisorbed bacteria from surface of GaAs. 

Bacteria immobilized on the surface of biofunctionalized GaAs were stained with FITC conjugated 

antibodies, and characterized by a fluorescence inverted microscope (Olympus, IX71). The light 

source emits between 450 and 490 nm (blue light) and images were observed at 515 nm using a 

DP71 digital camera [171]. For characterization of electrically biased biochips, we used an 

electrochemical analyser (CH Instruments, CHI604C) and in all tests, the working electrode was 
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GaAs with an Au contact, counter electrode was also Au, while the reference electrode was 

Ag/AgCl. 

 

Figure 5-3. Schematic view of employed microfluidic setup connected to pump and electrochemical 

analyser. 

 

5.5. Experimental Results and Discussions  

Figure 5-4 shows fluorescence microscopy image of a GaAs surface after FITC tagging and 

systematic analysis of bacteria immobilization. The florescence image is obtained by 3 seconds 

exposure time. FITC dyes are clearly observed on the surface of GaAs, representing the L. 

pneumophila. We systematically assessed the number of FITC dyes and compared obtained 

numbers to verify influence of each bias point on the trapping process. As shown by Figure 5-4 

(b), for sample biased at 0.2 V we could increase the surface coverage more than 2 times relative 

to sample biased at 0 V. Conversely, we degraded bacteria immobilization efficiency for sample 

biased at -0.2 V. The anodic potential actually increased the band bending of the GaAs/AlGaAs 

heterostructure at its interface with the electrolyte; hence, it depletes more charge carriers from 

space charge and creates a more positive depletion region. While the variation of the Helmholtz 

layer, responsible for double layer repulsion, is small compared to variations of the space charge 

region due to applied bias [170], presumably, anodic bias provides more attraction force for 

deflection of negatively charged bacteria towards the GaAs surface. We also carried out a control 

test by exposing a biofunctionalized biochip directly to FITC conjugated antibodies (no bacteria 

were immobilized initially). As shown by the inset of Figure 5-4 (a), there was no noticeable 

unspecific binding of FITC conjugated antibodies to the surface of that biochip. 
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Figure 5-4. Fluorescence microscopic image showing the presence of L. pneumophila on the surface 

of Ab functionalized biochip exposed to 10
5
 bacteria/mL in comparison to a control sample exposed 

to FITC conjugated Ab only, as shown by the inset (a), relative number of bacteria captured at 

different electrical bias conditions normalized to bacteria counted for an unbiased (E = 0 V) sample 

(b) 

 

5.6. Conclusion 

We studied the impact of an electrical bias on immobilization of L. pneumophila on the 

surface of biofunctionalized GaAs/AlGaAs nano-heterostructures. We used bio-

PEG/HDT/Neutravidin/Antibody architectures to specifically capture L. pneumophila. Electrical 

bias was realized in an electrochemical cell with a 3-electrode configuration employing Ag/AgCl 

as a reference electrode. The presence of immobilized bacteria was studied by employing FITC 

conjugated antibodies and fluoresce microscopy technique. We demonstrate that electrical control 

of band bending could be applied to moderate bacteria-semiconductor interaction. Under increased 

band bending conditions achieved with E = 0.2 V, the repulsion semiconductor-bacteria could be 

reduced, leading to a 2X increased surface concentration of the negatively charged L. 

pneumophila. Given that the limit of detection with GaAs/AlGaAs nano-heterostructure biochips 

is determined by the critical number of bacteria immobilized on the biochip surface, our 
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investigations suggest that an enhanced sensitivity of detection could be achieved by electrical 

biasing of the biochip. 
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90 
 

bactérienne. Il a été démontré que la charge électrique de surface des bactéries pourrait être 

modifiée de manière à ce que la charge bactérienne négative augmente, entraînant l’amélioration 

de limite de détection. La conjugaison de molécules synthétiques portant de multiples charges 

négatives à la surface des bactéries est élaborée et les mécanismes d'interaction des bactéries avec 

la surface du biocapteur et d'autres aspects critiques de la décoration des bactéries sont discutés. 

Résumé français : La charge électrique nette associée à une souche bactérienne est principalement 

définie par le nombre de groupes fonctionnels disponibles à sa surface et peut déterminer la limite 

de détection des biocapteurs à charge. Nous avons étudié la dynamique des variations des charges 

électriques bactériennes par la liaison de molécules synthétiques chargées négativement, telles que 

l'acide aspartique, la sérum-albumine bovine (BSA) et le dodécylsulfate de sodium (SDS), dans le 

but d'améliorer la LOD des biocapteurs plates-formes, en particulier pour la détection de L. 

pneumophila. Les mesures du potentiel zêta ont confirmé un accroissement substantiel du potentiel 

zêta bactérien négatif jusqu'à ~ 2 fois dans une solution salée tamponnée au phosphate (PBS), à 

pH 7,4, en utilisant du SDS, tandis que l'acide aspartique et le BSA présentaient des résultats 

prometteurs. Une détection améliorée de L. pneumophila inactivée par la chaleur à des 

concentrations de 103 UFC/ml en utilisant la photocorrosion des nanohétérostructures de 

GaAs/AlGaAs a également été observée avec le SDS. Nous discutons des mécanismes 

d'interaction des bactéries avec ces fractions organiques et des aspects critiques des décorations 

des bactéries. 

Note : Après la publication, le contenu de ce chapitre peut différer de celui publié. 
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6.2. Abstract: 

The net electric charge associated with a bacteria strain is primarily defined by the number 

of available functional groups at its surface and we observed that it can determine the limit of 

detection of a quantum semiconductor biosensor. We have investigated the dynamic range of 

bacterial electric charge variations through binding negatively charged sodium dodecyl sulphate 

(SDS) molecules, with the objective of improving the detection limit of a charge-sensing platform, 

particularly for detection of Legionella pneumophila using digital photocorrosion of 

GaAs/AlGaAs nanoheterostructures. Zeta potential measurements confirmed up to ~ 2-fold 

increment of bacterial negative zeta potential in phosphate buffered saline solution at pH 7.4. By 

applying Gouy-Chapman model on spectrophotometric data, it was estimated that 2-fold increment 

of zeta potential for L. pneumophila, at SDS concentration of 0.02 mg/mL, corresponded to adding 

~ 1.2 × 105 e to each bacterium, indicating that each SDS molecule contributed in supplying 0.0035 

e. Subsequently, it was possible to detect SDS decorated and heat-inactivated L. pneumophila at 

103 CFU/mL. This further advocated the fundamental role of bacterial electric charge in altering 

the photoetching rate of III-V semiconductor biochips. We discuss mechanisms of bacterial 

interaction with SDS, critical aspects of decorating bacteria with this anionic surfactant and the 

channels responsible for enhanced detection. 

Keywords: Electric-charge biosensor, Bacterial zeta-potential, Legionella pneumophila, Sodium 

dodecyl sulfate, Photoluminescence, Digital photocorrosion, GaAs/AlGaAs nanoheterostructures, 

Quantum semiconductor  

 

6.3. Introduction 

Outbreaks of Legionella from contaminated water sources, resulting in mortality and 

morbidity, have been recorded periodically in numerous countries. Inhalation of Legionella-

contaminated aerosols causes Legionnaires’ disease and Pontiac fever. Among the about 60 

known-species of Legionella, L. pneumophila ssp1 have been identified as the most common cause 

of severe pneumonia, or Legionnaires’ disease [7, 143, 172]. Since conventional bacteria detection 

techniques were not effective in preventing Legionella speared, numerous biosensing platforms 
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have been investigated and proposed with the aim of providing prospective identification of L. 

pneumophila [173]. Sensors addressing detection of electrically charged molecules represent a 

significant portion of the biosensing filed. For instance, electrochemical impedance spectroscopy 

[174] and field effect transistor [175] immunosensors have been investigated for detection of 

electrically charged biomolecules. In photonic materials, such as III-V semiconductors, adsorption 

of electrically charged biomolecules at the surface of a semiconductor in an electrolytic 

environment can induce perturbation of the near-surface band structure [61, 156, 176], which could 

be monitored with the photoluminescence (PL) effect.  

The photonic characteristics of GaAs/AlGaAs nanoheterostructures has provided a compelling 

platform for detection of electrically charged bacteria [25, 30, 104]. This technique relies on the 

PL-monitored photo-dissolution of III-V semiconductors through, so-called, digital 

photocorrosion (DIP) in electrolytic environments at rates that could be controlled with a nanoscale 

precision [108]. The perturbation of GaAs-electrolyte and AlGaAs-electrolyte interfaces by the 

negatively charged bacteria resulted in reduced photocorrosion rates, which allowed detection of 

Escherichia coli K12 at 103 CFU/mL [30] and heat-inactivated L. pneumophila at 104 CFU/mL 

[104]. Though, the mechanism of interaction of bacteria with the semiconductor biosensor is not 

clear yet. 

The limit of detection (LOD) is one of the most important parameters for biosensing devices, 

thus numerous techniques, e.g. charged self-assembled monolayers [177], electrophoresis [106], 

chemotaxis [178], three-dimensional polymer brushes [179] or centrifugation [180] were 

examined to enhance this aspect. Most bacteria are known to be negatively charged under 

physiological pH conditions [53] and the amplitude of bacterial zeta potential could reflect LODs 

achievable with a charge sensing device. Previously, we reported that heat-inactivated L. 

pneumophila, extracted from industrial water, carried a smaller negative charge compared to that 

of E.coli K12 [104], which was considered as one of the reasons of the inferior LOD for L. 

pneumophila. Then, conjugation of synthetic molecules that carry multiple negative charges to the 

surface of bacteria seems a viable approach for enhancing performance of electric charge 

transducers. Whereas many studies have focused on modifying bacterial membrane properties to 

improve bio-production or drug delivery [181, 182], amplifying bacterial negative charge with the 

purpose of achieving enhanced LOD has not been addressed. We note that, recently, anionic 
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surfactants have been used for amplifying signal of electrochemical field effect transistors 

detecting buckwheat allergenic proteins [183]. 

In this study, we investigated decoration of Legionella pneumophila with sodium dodecyl 

sulfate (SDS) in order to increase bacterial negative charge and eventually enhance the LOD of 

GaAs/AlGaAs biosensors. We utilized zeta potential measurements to assess the charge 

modification of the decorated bacteria and studied the effect of SDS on bacterial immobilization 

with the employed bio-architecture. Here, we report detection of SDS decorated L. pneumophila 

(heat-inactivated) with an enhanced LOD reaching 103 CFU/mL based on in situ-monitored DIP 

of GaAs/AlGaAs nanoheterostructures. 

6.4. Materials and Chemicals  

Semi-insulating undoped GaAs (001) wafer (AXTG108, AXT Inc., USA) and molecular 

beam epitaxy fabricated GaAs/Al0.35Ga0.65As nanoheterostructures (CPFC, National Research 

Council of Canada, Ottawa) were utilized. Details of III-V nanoheterostructure can be found in 

Supplementary Information (SI) section.  

The following chemical/biological compounds were used in our experiments: OptiClear 

(National Diagnostics, Mississauga, Canada), acetone (ACP, Montréal, Canada), isopropyl alcohol 

(Fisher Scientific, Ottawa, Canada), ammonium hydroxide 28% (Anachemia, Richmond, Canada), 

anhydrous ethanol (Commercial Alcohols Inc., Brampton, Canada), biotinylated polyethylene 

glycol (Prochimia Surfaces, Gdansk, Poland), hexadecanethiol (Sigma-Aldrich, ON, Canada), 

neutravidin (Molecular Probes, Burlington, Canada), polyclonal biotinylated antibody and 

Fluorescein isothiocyanate (FITC) antibody against L. pneumophila and E.coli (ViroStat, Portland, 

Maine), aspartic acid, 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-

Hydroxysuccinimide (NHS), SDS, Dimethylformamide (DMF), Stains-All (all from Sigma-

Aldrich, ON, Canada), FITC (Sigma-Aldrich, MO, USA), BSA, Dimethyl sulfoxide (DMSO) and 

bicarbonate buffer (all from Thermo Fisher Scientific, USA). In all experiments, we used 

deionized (DI) water with resistivity of 18.2 MΩ.  

E. coli ATCC 25922 (E. coliA) and S. aureus ATCC 43300 were cultured overnight in 

Tryptic Soy Broth medium. E. coli K12 (E. coliK) was grown overnight in Luria-Bertani nutrient 
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broths and colonies of L. pneumophila ssp1 were cultured on L-cysteine BCYE agar medium. All 

bacteria were suspended in 1X phosphate-buffered saline (PBS) solution at a concentration of 109 

CFU/mL. To inactivate bacteria, E. coliK and L. pneumophila were either exposed to UV light (λ 

= 250-260 nm, P = 100 mW/cm2) or were heat-treated (90 °C, for 20 min). In either case, the 

efficiency of inactivation was verified by culture method (data not shown here).  

6.5. Experimental methods 

6.5.1. Decorating Bacteria with SDS 

Bacterial samples were exposed to various concentrations of SDS (0.001 mg/mL to 0.02 

mg/mL in PBS), while reference bacterial samples were kept in PBS, all for 30 min in a 

thermomixer (at 37 °C and 175 rpm). The rinsing procedure to remove excess reactants from 

bacterial solutions consisted of two steps. First, centrifugation at 3000 rpm for 25 min, removal of 

the supernatant and resuspension of the pelleted bacteria in 1 mL of PBS, followed by a second 

centrifugation at 3000 for 15 min and resuspension in 1 mL PBS. 

6.5.2. Zeta Potential Measurements 

Zeta potential of bacteria was measured with a Zetasizer Nano system (Malvern 

Instruments) and analyzed using the Helmholtz-Smoluchowski equation [53]. Measurements were 

carried out in folded capillary cells (DTS 1064) using 1 mL of bacterial suspension at 106 CFU/mL, 

with a 180-second delay before each run. 

6.5.3. Spectrophotometric measurements 

An optimized method developed by Rupprecht et al was adopted [184]. The absorbance 

was determined using a UV-1800 UV-Vis Spectrophotometer (SHIMADZU) at λ = 453 nm. 

Measurements were carried out with a mixture of 25% Stains-All solution (storing solution at 2 

mg/mL in DMF and then diluted 20 times in 1 X PBS) and 75% SDS solution in 1X PBS  (v/v). 

A solution of 1X PBS was used to determine the zero optical density (reference). A 109 CFU/mL 

suspension of heat-inactivated L. pneumophila in 1X PBS was exposed to 0.02 mg/mL of SDS for 

30 min and then bacteria were filtrated using a PVDF membrane 0.22 µm filter (Millex-GV, 

Millipore, Canada). 
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6.5.4. Fourier transform infrared spectroscopy (FTIR) 

E. coliA at a concentration of 109 CFU/mL was exposed for 30 min to 0.02 mg/mL of SDS 

in 1X PBS, and rinsed twice with 1X PBS. FTIR data of liquid samples were collected with a 

Perkin-Elmer Spectrum 100, using standard PTFE membranes cards. A solution of 1X PBS was 

used to determine the baseline. Measurements were conducted with a 1 cm-1 resolution. 

6.5.5. Bio-functionalization and PL based detection 

 Bulk GaAs biochips were used for enumerating captured bacteria and GaAs/Al0.35Ga0.65As 

nanoheterostructures were used PL based detection tests. Surfaces of 2 mm by 2 mm biochips were 

thiolated with a mixture of 0.15 mM biotinylated polyethylene glycol thiol and 1.85 mM 

hexadecanethiol in anhydrous ethanol, which had been deoxygenated with ultra-high purity 

nitrogen (5.0 UHP) prior to the thiolation process. The thiolated biochips were exposed for 2 h to 

0.2 mg/mL neutravidin, and for 1 h to 0.1 mg/mL polyclonal biotinylated antibody against L. 

pneumophila or E. coli. Detailed procedures of biochip preparation can be found in reference 

[104]. PL data was recorded in situ using a quantum semiconductor photonic biosensor (QSPB) 

reader  [104] designed for collecting PL maps of semiconductor samples under weak excitation 

conditions [30, 139, 185]. The QSPB reader employed in this work used a 660 nm light emitting 

diode (LED) for the intermittent excitation of GaAs/AlGaAs biochips (3-s in every 60-s period) at 

P = 25 mW/cm2.  

6.5.6. Fluorescence Microscopy 

An Olympus IX71 fluorescence microscope was used to collect images of bio-

functionalized GaAs biochips exposed to L. pneumophila or E. coli (30-min incubation). Surface 

of biochips, coated with bacteria, were rinsed with 1X PBS and exposed in the dark to 0.05 mg/mL 

of FITC-antibody against L. pneumophila or E. coli for 1 h. Next, the samples were rinsed with DI 

water and dried with a gentle flow of high-purity nitrogen (4.8 HP). 

6.6. Results and Discussion 

Figure 6-1 shows the zeta potential measurement results for L. pneumophila and E. coliK 

in 1X and 0.1X PBS (pH 7.4). In 1X PBS, E. coliK had a negative zeta potential of around -30 
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mV, which increased to about -50 mV in 0.1X PBS. The zeta potential values for L. pneumophila 

were close to -10 and -20 mV in 1X and 0.1X PBS, respectively. It can be seen that zeta potentials 

of UV- and heat-inactivated E. coliK were in the same range as that of live bacteria. Due to safety 

precautions, we were unable to measure zeta potential of live L. pneumophila, however 

considering E. coliK results, it seems reasonable to assume that the zeta potential of live L. 

pneumophila would be very close to that of UV- or heat-inactivated bacteria. Notice that Halder 

et al. observed a reduction of zeta potential in 0.5 mM potassium phosphate buffered solution (pH 

7.4) for heat treated (100 °C for 10 min) E.coli (MTCC 2939) versus live bacteria, whereas a 10-

min heat exposure at 100 °C had no significant impact on the zeta potential of S. aureus (MTCC 

96), which was attributed to the thicker peptidoglycan layer of Gram-positive bacteria [186]. Since 

in the present study bacteria were heat-inactivated at only 90 °C, this might explain why a zeta 

potential difference between live and dead E. coli was not observed.  

 

Figure 6-1. Zeta potential of L. pneumophila and E. coliK in two different concentrations of PBS. 

 

As it can be seen in Figure 6-1, both bacteria exhibited higher negative zeta potentials in 

0.1X PBS. This feature, potentially important for the performance of an electric charge biosensor, 

could be explained by the dependence of bacterial cell surface electric charge on the ionic strength 
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of the surrounding solution [53]. Zeta potential of bacteria increases in the solution of a reduced 

ionic strength, however further reduction of the ionic strength strongly diminishes the buffering 

capacity of PBS [187] and undermines its pH stabilizing performance. It was reported that pH 

condition can directly affect photocorrosion of GaAs/AlGaAs nanoheterostructures [105]. Thus, it 

more desirable to increase the negative charge of bacteria, without further reducing ionic strength 

of PBS (less than 0.1X), by decorating them with materials and molecules providing an excessive 

negative charge. 

Figure 6-2 displays zeta potential measurements for L. pneumophila (heat-inactivated), E. 

coliA, and S. aureus, all decorated with SDS molecules after premixing the bacteria with SDS 

solutions at concentrations ranging from 0.001 mg/mL to 0.02 mg/mL. It has been reported that 

SDS at a concentration of 0.05% resulted in destruction of the bacterial membrane accompanied 

by a displacement of the nuclear material [188]. To avoid this problem and maintain the integrity 

of a bacterium cell membrane, the maximum concertation of 0.02 mg/mL was utilized in these 

experiments. For L. pneumophila, as shown in Figure 6-2 (a), the negative zeta potential of 

bacteria versus SDS concentration was amplified by 1.9 times, from - 10.8 mV in 1X PBS, and by 

1.8 times, from - 18.8 mV in 0.1X PBS. The zeta potential of E. coliA, as it can be seen in Figure 

6-2 (b), was improved by 2 times, from -9.3 mV  in 1X PBS, and by 1.7 times, from -20.5 mV in 

0.1X PBS. However, increment of zeta potential for E. coliA continued only up to 0.01 mg/mL of 

SDS and, from this point, no significant changes of zeta potential were observed for E. coliA 

exposed 0.02 mg/mL of SDS. Zeta potential values of S. aureus, as shown in Figure 6-2 (c), 

increased by 2 times, from ~ -7.1 mV in 1X PBS, and by 1.6 times, from ~ -17.7 mV 0.1X PBS, 

though zeta potential increment continued merely up to 0.005 mg/mL of SDS and further 

increment of SDS concentration exhibited no major effect on zeta potential values of this Gram-

positive bacteria, compared to 0.005 mg/mL concentration. 

Electric charge of each bacteria strain is determined by the available surface groups at its 

surface and its hydrophobicity [53]. Consistent with the literature, our results revealed that the zeta 

potential of Gram-positive bacteria was less than that of Gram-negative bacteria, probably related 

to the presence of an additional negatively charged lipopolysaccharide (LPS) layer in Gram-

negative bacteria [186, 189]. Furthermore, we observed that under the same conditions, the 

increment of zeta potential for S. aureus was saturated at a much lower concentration of SDS, 
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starting from 0.005 mg/mL, compared to that of E. coliA, starting from 0.01 mg/mL. Such a trend 

of zeta potential variations in Gram-negative bacteria could be due to the higher density of anionic 

groups and O-antigen in their LPS membrane, as well as their thin peptidoglycan layer [190]. The 

interaction between SDS and membrane proteins is not well understood, however SDS has been 

modeled as a ‘lipid-like’ amphiphile affecting helical rearrangements of proteins, resulting in 

protein denaturation [191]. It is relevant to mention that the concentrations of SDS utilized in our 

experiments were not enough to induce protein denaturation [188].  Binding of SDS to bacteria is 

mainly governed by hydrophobic interactions between long hydrophobic chains of SDS and the 

proteins at the surface of the bacteria [192]. Since LPS of L. pneumophila is hydrophobic, due to 

the presence of the deoxy groups and N- and O-acyl substituents in polylegionaminic acid [193], 

it may promote adherence of SDS molecules to the bacterial surface. It was reported that the highly 

hydrophobic surface of L. pneumophila promoted their adherence to alveolar macrophages [194] 

that contain negatively charged sialic acid on their membranes [195].   

Figure 6-2 (d) compares the results for zeta potential measurements for two different 

incubation times, for L. pneumophila exposed to 0.02 mg/mL of SDS. Comparable zeta potential 

values obtained for different exposure times suggested the rapid formation of a stable L. 

pneumophila-SDS hybrid. Notice that the decreased and stable zeta potentials of E. coli and S. 

aureus have been reported for low concentrations of cetyl trimethyl ammonium bromide (CTAB), 

however at higher concentrations of CTAB, zeta potential changed over time [186].  

We have investigated other negatively charged molecules for modulation of bacterial 

electric charge. We observed that electrostatic interaction of aspartic acid with L. pneumophila 

was much less stable and efficient compared to hydrophobic interaction of SDS (Figure 6-8 in SI 

section). Specific binding of BSA showed low efficiency and involved extra chemical steps 

(Figure 6-9 in SI section). Consequently, it was deduced that SDS provided the best solution in 

providing extra negative charge to bacteria. This approach was also much simpler and faster to 

apply, therefore it was further investigated for enhanced detection of L. pneumophila. 
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Figure 6-2. Effect of various concentrations of SDS on negative zeta potential of heat-inactivated L. 

pneumophila (a), live E. coliA, (b) and live S. aureus (c) and effect of incubation time on negative 

zeta potential of heat-inactivated L. pneumophila (d). 

 

The spectrophotometry experiments were carried out to determine the incorporation of 

SDS molecules with bacteria. A linearly depending absorbance was observed for SDS 

concentrations between 0.0025 mg/mL to 0.01 mg/mL, in 1X PBS solution, with a background 

absorbance of 0.042 for the reference sample, as shown in Figure 6-3. After exposing 109 CFU/mL 

of heat-inactivated L. pneumophila to SDS at concentration of 0.02 mg/mL in 1X PBS, the non-

interacted SDS were extracted by filtering the bacteria. The absorbance data of this solution is 

presented with a bold (green) square. These data indicated that concentration of SDS in supernatant 

fluid was ~ 0.003 mg/mL, while the rest of SDS molecules must have bound to bacteria, assuming 

negligible loss of molecules during experimental procedure. Quantification of SDS molecules 
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using conductivity measurements in DI H2O resulted in comparable numbers (Figure 6-10 in SI 

section). Given that the number of SDS molecules in the initial solution (0.02 mg/mL) was ~ 41.76 

× 1015, it was revealed that in average ~ 35.5 × 106 SDS molecules were attached per each 

bacterium (at concentration of 109 CFU/mL). As expected, such a number of SDS molecules had 

no effect on bacterial viability, which was confirmed by live/dead assay (Figure 6-11 in SI 

section). Theoretical calculations based on Gouy-Chapman model showed that the surface charge 

density of L. pneumophila, exposed to 0.02 mg/mL of SDS, was almost doubled from ~ - 0.01 

C/m2, i.e. ~ 1.3×105 electrons (Figure 6-12 in SI section). Even though the absolute values could 

be underestimated, the ratio of the final charge density per initial number was relatively accurate, 

considering that the employed model predicted the proper trend of charge variation as reported in 

[196, 197]. This information is of importance for molecular simulations as well as fundamental 

study of interaction of SDS with proteins and other biochemical compounds [198]. 

 

Figure 6-3. Quantification of SDS molecules using spectrophotometry in 1X PBS. The supernatant 

of bacterial solution is presented with bold (green) square. 

Figure 6-4 shows FTIR spectra of E. coliA and SDS conjugated E. coliA. The FTIR spectra 

of bacteria contains overlapping signals that originate from different biomolecules and appear 

distinctively in five main regions (Figure 6-4 (a)) as defined in [199]. Full FTIR spectra of E. 

coliA and that of SDS conjugated bacteria, shown in Figure 6-4 (a), looked very similar, because 

SDS molecules have CH2, CH3, S-O and S=O groups that are also common in bacterial cells. 

However, Figure 6-4 (b) and Figure 6-4 (c) shows that in the region I the CH3 asymm stretch, the 
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CH2 asymm stretch and the CH2 symm stretch bands were more intense, well-defined and clearer 

in SDS conjugated compared to unconjugated E. coliA. 

 

Figure 6-4. FTIR characterization of SDS conjugated E. coliA versus unconjugated bacteria, full 

spectra (a), magnified spectra of 2700-3200 cm
-1

 (b) and (c), magnifies spectra of 1250-2000 cm
-1

 (d) 

and (e), magnified spectra of 500-700 cm
-1

 (f), chemical structure of SDS (g). 
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These are the characteristic peaks related to the fatty acid region of bacterial FTIR spectra 

[200] and, in case of SDS coated bacteria, the long CH2 chain of SDS could lead to an increased 

signal-to-noise ratio in this region.  Moreover, the FTIR spectra of bacteria include amide I, II and 

III peaks, but the signal from these peaks were masked due to presence of SDS on the surface of 

bacteria, as shown in Figure 6-4 (d) and Figure 6-4 (e). In Figure 6-4 (a), the intensity ratio 

between peaks in regions III and IV has also been changed upon binding of SDS to E. coliA. The 

peaks associated with SO3
- group of SDS could be indicative of interaction between the SDS and 

bacteria. The asymmetric or antisymmetric stretching and symmetric stretching vibration of SO3
- 

groups overlapped with those peaks of bacteria, as shown in Figure 6-4 (a). However, a new 

distinguishable peak was observed in the case of SDS conjugated bacteria at 670 cm-1, which was 

related to the symmetric stretching vibration of SO3
- group [201], as it can be seen from magnified 

portion of spectra, presented in Figure 6-4 (f). The preceding dataset confirmed the presence of 

SDS on the bacterial surface, while it pointed to the fact that there was no chemical binding/shifting 

for the two involved components. This is consistent with the literatures reporting that the 

interaction between the negatively charged SDS and proteins only involves electrostatic and 

mainly hydrophobic interactions [192, 202]. 

Figure 6-5 compares the number of heat-inactivated L. pneumophila and E. coliK 

immobilized at the surface of GaAs biochips for both bare and SDS conjugated bacteria. In the 

case of L. pneumophila, Figure 6-5 (a), no statistically significant differences were found between 

the two experiments, indicating that SDS did not impact bacterial coverage. However, in the case 

of E. coliK, a substantial decrease in bacterial capture was observed. Hassen et al. reported that E. 

coliK has strong affinity toward the neutravidin coated surface of GaAs biochips [178]. This was 

verified for the employed bio-architecture by exposing surface of GaAs biochips, only coated with 

SAM and neutravidin without grafting antibody, to the E. coliK and L. pneumophila (Figure 6-13 

of SI section). Thus, the difference observed in the capturing results of E. coliK, shown in Figure 

6-5 (b), could be associated with the reduced non-specific binding. Alternatively, reduced affinity 

between SDS decorated E. coliK and antibodies, in Figure 6-5 (b), might also have an impact. As 

established by the live/dead assay (Figure 6-11 in SI section), at an SDS concentration of 0.02 

mg/mL, the loss of bacteria through lysis by SDS could not be considered as a major parameter in 

capture efficiency of bacteria. Moreover, disaggregation of the bacterial cell walls requires a much 

higher concentration of SDS, typically 0.2% (w/v) [203]. These results showed that SDS did not 
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interfere with the immobilization of L. pneumophila and they suggested that it can improve the 

selectivity of the employed bioreceptor architecture in the case of a solution containing mixture of 

E. coli and L. pneumophila. However, for other types of bacteria commonly found in the industrial 

water samples more investigation is required. 

 

Figure 6-5. Surface coverage of bio-functionalized GaAs biochips exposed to heat-inactivated L. 

pneumophila (a) and E. coli K12 (b), determined by fluorescence microscopy. 

 

Figure 6-6 presents PL data for detection of SDS conjugated L. pneumophila (heat-

inactivated) in 0.1X PBS, and the calibration curve of the biosensor. This technique relies on in 

situ monitoring the photocorrosion rate of GaAs/AlGaAs nanoheterostructures. The time of 

appearance of the PL maximum-intensity has been used as an indicator of the photon-induced 

etching rate. The presence of negatively charged bacteria resulted in a reduced photocorrosion rate 

and ultimately delayed the appearance of the PL maximum-intensity [30, 104]. In Figure 6-6 (a), 

the blue curve (solid line) corresponds to a biochip exposed to a solution of 0.1X PBS, as the 

reference test, and the resultant PL maximum-intensity occurred at around t = 43 min. The green 

(full triangles), purple (full circles) and red (full rectangles) show data corresponding to individual 

biochips exposed to, respectively, 102, 103 and 104 CFU/mL of SDS decorated L. pneumophila. 

These biochips had PL maxima positioned at 55, 70 and 120 min, respectively. It can be seen in 

Figure 6-6 (b) that the temporal delay of the PL maximum-intensity position increased linearly 

with the concentration of L. pneumophila. This enable us to correlate the appearance of PL 

maximum-intensity to the concentration of L. pneumophila in a given solution. Figure 6-6 (c) 
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compares the delay of PL maximum-intensities obtained for unconjugated and SDS decorated L. 

pneumophila using GaAs/AlGaAs nanoheterostructure biosensors. It shows that exposing biochips 

to SDS-L. pneumophila resulted in a noticeable shift of the detection signal, compared to 

unconjugated L. pneumophila at the same concentration. For biochips exposed to 104 CFU/mL of 

SDS-L. pneumophila, an average delay of ~ 70-min versus reference biochip was observed. For 

the same concentration of bacteria, only a ~ 10-min delay was observed for the unconjugated L. 

pneumophila. Most importantly, we were unable to resolve the difference between PL maximum-

intensity of reference biochips and that of biochips exposed to the unconjugated L. pneumophila 

at 103 CFU/mL, however for biochips exposed to 103 CFU/mL of SDS decorated bacteria we 

observed ~ 30 min delay of PL maximum-intensity. The surface coverage data, presented in Figure 

6-5, indicated that decorating L. pneumophila with SDS had no effect on the bacterial surface 

coverage, compared to unconjugated bacteria, whereas the PL data, shown in Figure 6-6, revealed 

a substantial difference in appearance of PL maximum-intensity for these two cases. This pointed 

out the role of bacterial electric charge in decreasing the photoetching rate of GaAs/AlGaAs 

nanoheterostructure. 

Chemical dissolution of III-V materials is, for the most part, governed by the number of hole 

carriers drifted into the interface of solid/electrolyte [155]. The excess hole carriers generated by 

photoexcitation of semiconductor can either contribute in the surface states mediated 

recombination [204] or participate in the charge transfer reaction with the surrounding electrolyte, 

via surface states [170]. While the recombination by means of surface states is non-radiative and 

independent of the surface band bending [55], the hole-driven photoetching reactions can be 

changed according to band bending conditions. It was observed that photocorrosion of n-GaAs 

was slower under flat band condition, compared to n-GaAs with upward band bending [60]. 

Chemical- and physical-induced band bending variation of semiconductors has been studied 

extensively [156]. Hilal et al. studied Mott-Schottky behavior of n-GaAs and reported that 

attachment of positively charged metalloporphyrin shifted the flat band voltage of semiconductor 

toward positive values by 200-300 mV [205]. Moreover, it has been reported that adsorption of 

electron acceptor molecules, such as Cl2 and O2, and electron donor molecules, such as CH3OH, 

affected band bending of titanium oxide (TiO2) and regulated the rate of hole transfer at the surface 

of TiO2 [206]. In more than a few studies charge transfer between bacteria and a conducting or 

semiconducting substrate was observed [207, 208]. It has been experimentally demonstrated that, 
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on average, around 10-14 C of charge per single bacterium has been exchanged up on bacterial 

adhesion to the semiconducting indium tin oxide surface. This amount corresponds to only a 

fraction the total charge at the surface of bacteria [208]. 

 

Figure 6-6. Representative PL data from bio-functionalized samples exposed to different 

concentration of SDS decorated L. pneumophila (a), statistical analysis of PL intensity maximum vs 

time for numerous repeated detection tests (b) and comparison of PL maximum-intensity delay 

versus reference sample for unconjugated and SDS decorated L. pneumophila (c). 

 

In the case of GaAs/AlGaAs biosensor, adsorption of bacteria can electrostatically affect 

the band bending at the surface of semiconductor and influence the efficiency of charge transfer 

between an adsorbed bacterium and semiconductor. The degree of these variations is related to the 
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length of bioreceptor (the distance between bacteria and surface of biochips), the Debye length in 

the employed electrolytic environment [68] and conductivity of interfacial layer. Here, the surface 

of biochips were covered with thiols, neutravidin and antibodies prior to detection experiments. 

The evidence of charge transport by thiol has already been reported [209, 210]. Moreover, it has 

been shown that passivation of GaAs with thiols will not exceed 50% of the whole surface [211], 

therefore the uncovered area could also support the charge transfer between bacteria and 

semiconductor. 

The foregoing discussion underlines that the increased negative zeta potential of SDS-L. 

pneumophila clearly improved the electrostatic interaction of bacteria with biochips by influencing 

the semiconductor band bending and/or charge transfer process, however elucidating detailed 

impact of these mechanisms requires further investigations. PL results confirmed that decorating 

L. pneumophila with SDS (at 0.02 mg/mL), enhanced the LOD of the photocorrosion based 

biosensor by one order of magnitude, regarding previously reported data [104]. According to the 

error bars of Figure 6-6 (b) and Figure 6-6 (c) detection of 102 CFU/mL of SDS-L. pneumophila 

was not significant. It is possible to reduce the error bars using a slightly acidic or basic solution, 

which showed to provide better conditions for homogenous GaAs photoetching [105, 212], then 

in due course better circumstances for detection of L. pneumophila at concentrations lower that 

103 CFU/mL could be met. 

 

6.7. Conclusion 

We have investigated bacterial surface charge amplification by decorating L. pneumophila, 

E. coliA and S. aureus with negatively charged biomolecules. The results of alteration were studied 

using zeta potential measurements. Hydrophobic interactions of SDS molecules resulted in a 

nearly twofold increase in the negative zeta potential of both Gram-negative (L. pneumophila, E. 

coliA) and Gram-positive (S. aureus) bacteria, with an attractive stability of molecular binding. 

We were able to increase the zeta potential of L. pneumophila from - 10.8 mV to -21.05 mV in 1X 

PBS, and from - 18.8 mV to -34.85 mV in 0.1X PBS, by exposing bacteria to 0.02 mg/mL solution 

of SDS. Spectrophotometry data showed that such an improvement of zeta potential originated 

from attachment of ~ 35.5×106 SDS molecules per bacterium. By employing Gouy-Chapman 
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equation, it was determined that, at concentration of 0.02 mg/mL SDS, the surface charge density 

of L. pneumophila in 1X PBS increased from ~ - 0.01 C/m2 to ~ - 0.02 C/m2. This enabled us to 

estimate that ~ 35.5×106 SDS molecules added 1.2 105 e per bacterium, namely each SDS molecule 

provided 0.0035 e. Furthermore, using a maximum concentration 0.02 mg/mL of SDS caused no 

major damage to the cell membrane of E. coliA and S. aureus. Hydrophobic interaction of SDS 

with the surface of E. coliA was confirmed by FTIR-revealed traces of SDS molecules. Moreover, 

SDS assisted in reducing the nonspecific interaction of bacteria with the employed bio-

architecture. In correlation with the zeta potential results, PL measurements confirmed that LOD 

of the GaAs/Al0.35Ga0.65As nanoheterostructure biosensor for L. pneumophila was enhanced to 103 

CFU/mL, which is one order of magnitude better than the previously reported results. The 

fundamental role of electrostatic interaction, between bacteria and surface of biochips, in 

performance of quantum biosensor was also advocated by PL data. We argue that this relatively 

simple approach could find application in the operation of enhanced-sensitivity biosensors 

targeting detection of a variety of electrically charged biomolecules.  

 

6.8. Supplementary material 

 

6.8.1. Wafer structure and room temperature PL spectra 

An un-doped 500 nm thick GaAs layer was grown on a semi-insulating GaAs (001) substrate. 

Then a GaAs/AlGaAs quantum well was grown on the buffer layer. Finally, this structure was 

capped with an 8 nm-thick GaAs layer. Figure 6-7 shows the schematic view and the room 

temperature PL profile of the employed GaAs/AlGaAs nanoheterostructure. PL spectra was 

measured using a Philips PL mapper (PLM-150), equipped with a second harmonic of Nd:YAG 

laser source (λ = 532 nm) for excitation of samples and an InGaAs photodiode detector array for 

collection of PL signal. 
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Figure 6-7. Schematic cross-section view of the GaAs/Al0.35Ga0.65As nanoheterostructure (a), and 

room temperature PL emission of wafer, irradiated with a 532 nm laser (b). 

 

6.8.2. Decorating bacteria with aspartic acid 

Sample preparation: Different concentrations of aspartic acid (1mM, 5mM and 10 mM) 

were prepared in 1X PBS. Bacteria (109 CFU/mL) were suspended in these solutions and incubated 

for 2 h. Bacterial solutions were then rinsed twice with 1X PBS, as explained section 6.4.1 of this 

chapter, and diluted in either 1X PBS or 0.1X PBS to reach concentration of 106 CFU/mL, for zeta 

potential measurements. 

 

Figure 6-8. Zeta potential of heat-inactivated L. pneumophila in PBS, pH 7.4, exposed to aspartic 

acid (a), and chemical structure of aspartic acid at various pH levels (b). 
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Results: Figure 6-8 shows zeta potential data for heat-inactivated L. pneumophila exposed 

to 1 mM, 5 mM and 10 mM aspartic acid, as well as the chemical structure of aspartic acid at 

different pH values. At pH over 7, aspartic acid (pKa 3.9), which is an amino acid with a polar side 

chain, appears in zwitterion form with two deprotonated carboxylic groups (–COO-) and one 

protonated amine group (–NH3
+) [213]. It was reported that electrostatic interaction was the major 

force between the aspartic acid and anionic phosphatidylglycerol moieties of bacterial cell surface 

lipid [214]. Therefore, while the positively charged -NH3
+ group of aspartic acid could 

electrostatically attach to the bacterial phospholipid bilayer, and perhaps neutralized some negative 

charges, the two -COO- groups would provide the extra negative charge. For L. pneumophila, we 

observed that the decorated bacteria carried higher negative charge compared to the reference 

sample, only when it was exposed to 10 mM aspartic acid. Then, zeta potential of L. pneumophila 

increased 1.3-time, from -10.8 mV in 1X PBS and 1.23-time, from -18.8 mV in 0.1X PBS. This 

suggested that the electrostatic interaction of aspartic acid molecules and bacteria was not very 

efficient. 

6.8.3. Decorating bacteria with BSA and labeling BSA with FITC for 

quantification 

Sample preparation: First, 0.01 mg/mL of BSA (or FITC conjugated BSA) in 1X PBS 

was exposed to EDC/NHS (2mM/5mM in 1X PBS) for 30-min, then added to the bacterial solution 

at 109 CFU/mL and again incubated for 30-min. Then bacterial solution was rinsed twice with 1X 

PBS, as explained in section 6.4.1 of this chapter. For zeta potential measurements bacterial 

solution, exposed to BSA, was diluted to reach 106 CFU/mL, whereas for fluorescence intensity 

measurements bacterial solution, exposed to FITC-BSA, remained at 109 CFU/mL.  

The efficiency of BSA binding to bacteria was evaluated using a microplate reader 

(SpectraMax® M3, Molecular Devices) with fluorescence intensity measurements taken in 96-

well black polystyrene microplates (Thermo Fisher Scientific, USA). For this purpose, BSA 

molecules were conjugated with FITC prior to the fluorescence measurements (all steps in 

darkness). FITC:BSA ratio of 6:1 was selected to provide adequate labeling of all BSA molecules 

[215]. FITC was dissolved in DMSO (18 mg in 500 µL) and 158 mg of the BSA was dissolved in 

25 mL of bicarbonate buffer (250 mg KHCO3 in 25 mL DI H2O). The BSA solution was stirred in 
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a glass vial and the FITC-DMSO solution was added, dropwise. This mixture was incubated for 1 

h at room temperature with continuous stirring. In order to remove the unreacted FITC, the solution 

was dialyzed for 48 h against 1X PBS, which was changed frequently. The prepared solution was 

freeze-dried and stored at 4 oC in the dark. A calibration curve was created using fluorescence 

intensity measurements on the FITC-BSA solutions (in 1X PBS) at concentrations ranging from 

0.0005 mg/mL to 0.0045 mg/mL and then compared with the fluorescence intensity data from 

solutions containing E. coliA and S. aureus, decorated with FITC-BSA at  concentration of 0.01 

mg/mL. 

Results: Figure 6-9 (a) and Figure 6-9 (b), respectively, show the zeta potential variation 

of E. coliA and S. aureus decorated with BSA. Figure 6-9 (c) shows the fluorescence intensity 

measurements and Figure 6-9 (d) portrays a pictorial view of decorating bacteria with the FITC-

BSA compound. BSA is a large globular protein, containing 14% basic groups and 18% acidic 

groups, with reported PI of 4.7 [216] to 4.8 [217], which makes BSA negative at pH 7.4 [218]. 

The EDC/NHS process activated the free COOH groups of BSA which later bound to the free NH2 

groups of proteins, located on the bacteria outer-membrane. As it can be seen from Figure 6-9 (a), 

exposing E. coliA to 0.01 mg/mL of BSA increased the negative zeta potential ~ 1.5-time, from - 

9.32 mV in 1X PBS and ~ 1.2-time, from -20.5 mV in 0.1X PBS. For S. aureus, Figure 6-9 (b), 

the zeta potential values increased ~ 2-time, from - 7.1 mV in  1X PBS and ~ 1.5-time, from -17.7 

mV in 0.1X PBS. According to this data, the zeta potential of Gram-positive bacteria, decorated 

with BSA, was improved somewhat more than that of Gram-negative bacteria. Fluorescence 

intensity measurements, shown in Figure 6-9 (c), indicated that from the initial FITC-BSA 

concentration of 0.01 mg/mL, there were ~ 1.7 μg/mL BSA in the solution containing E. coliA, 

whereas 2 μg/mL was found in the solution containing S. aureus. This might explain the slightly 

better charge enhancement for S. aureus. Generally, Gram-positive bacteria have more exposed 

proteins on their membrane in comparison with the Gram-negative bacteria [219]. Therefore, the 

probability of interaction between EDC-NHS activated BSA and Gram-positive bacteria could 

have been higher compared to Gram-negative bacteria. Furthermore, BSA attaches to the surface 

functional groups, which are associated with the thick peptidoglycan layer of Gram-positive 

bacteria [186]. The BSA decoration of bacteria offered promising results, though it required adding 

some additional chemical steps into the bacteria detection procedure. 
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Figure 6-9. Bacterial cell zeta potential variation in PBS, pH 7.4, before and after being exposed to 

0.01 mg/mL of BSA for E. coliA (a), and S. aureus (b). Efficiency of BSA conjugation was verified 

by fluorescence intensity measurement (c). Chemical structure of FITC-BSA, activated with 

EDC/NHS, and its binding to bacteria (not drawn to scale) presented in (d). 

 

6.8.4. Conductivity measurements 

Experimental procedure: A commercial TDS Meter (Model 4510, Jenway) was used for 

conductivity measurements. To achieve stable readouts, the results were recorded after 60-seconds 

delays. We first created a calibration curve for various concentration of SDS in DI H2O, ranging 

from zero to 0.02 mg/mL. Heat-inactivated L. pneumophila (109 CFU/mL) was exposed to SDS 

at concentration of 0.02 mg/mL for 30 min in DI H2O, and the bacteria were extracted using a 

PVDF membrane 0.22 µm filter (Millex-GV from Millipore, Canada). Conductivity of solution 

containing non-interacted SDS was compared to the SDS-DI H2O calibration curve obtained 

formerly. 
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Figure 6-10. Quantification of SDS molecules using conductivity measurements in DI H2O. The 

supernatant of SDS-bacteria solution is presented with bold (green) square. 

 

Results: The conductometry experiments were carried out to complement the 

spectrophotometry data, however conductivity variations in PBS were not resolvable, hence we 

conducted these tests in DI H2O. As shown in Figure 6-10, a linear conductivity variation between 

~ 0.055 µS (DI H2O) and 0.25 µS (SDS solution at 0.02 mg/mL) was observed, which was 

consistent with the literature [220, 221]. The conductivity of the supernatant solutions, contacting 

non-interacted SDS molecules, corresponded to 0.007 mg/mL of SDS in DI H2O. This data is 

highlighted with a bold (green) square in Fig S4. 

6.8.5. Live/dead assay 

Sample preparation: We conducted live/dead assay using BacLight™ live/dead kit 

(ThermoFisher Scientific) comprising SYTO 9 dye (green) for live cells and propidium iodide dye 

(red) for dead cells as described previously [222]. Bacterial suspensions of E. coliA and S. aureus 

at a concentration of 109 CFU/mL in 1X PBS were exposed to 0.02 mg/mL of SDS for 30-min, 
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then rinsed twice with autoclaved 0.85% saline (NaCl) solution and diluted to 2 × 108 CFU/mL, 

E. coliA, and 2 ×107 CFU/mL, S. aureus, for staining purpose. The SYTO 9 and propidium iodide 

solutions were diluted to final concentrations of 1.25 µL/mL, in autoclaved 0.85% saline solution. 

Then, 500 µL of stain solution was added to the bacterial samples and incubated at room 

temperature for 15-min. The samples were then rinsed with autoclaved 0.85% saline solution, 

twice. Finally, imaging was carried out on the bacterial solutions at 106 CFU/mL, in 96-well white 

polystyrene microplates (Thermo Fisher Scientific, USA), using an AxioObserver Z1 inverted 

microscope (Zeiss, Germany). Images were analysed with ImageJ software.   

Results: The reported effect of SDS on cell lysis and protein denaturation [223] was 

evaluated by investigating cell viability of bacteria exposed to 0.02 mg/mL of SDS. Figure 6-11 

displays the live/dead assay results, carried out on both unconjugated and SDS-decorated E. coliA 

and S. aureus. Because of safety precautions we were unable to perform live/dead assay on the 

live L. pneumophila. In Figure 6-11, the green color represents the live bacteria, while the red 

color shows the bacteria with damaged cell walls. The live/dead ratio, defined by number of green 

pixels per number of red pixels, indicates the effect of SDS (0.02 mg/mL) on cell viability. This 

ratio for E. coliA and SDS conjugated E. coliA was 1.27 and 1.19, respectively, and for S. aureus 

and SDS conjugated S. aureus live/dead ratio was 1.58 and 1.23, respectively. For the most part, 

the high intensity of the green fluorescence established that SDS at a concentration of 0.02 mg/mL 

did not cause severe cell damage for either bacteria. In the case of E. coliA, this was in agreement 

with findings of Woldringh et al., who showed that 0.01% of SDS had no significant effect on 

bacteria, whereas 0.05% SDS dissolved the plasma membrane of 9 × 108 cell/mL of E. coli K12 

[188]. Such a membrane acting agent, similar to antimicrobial peptides, can cause disruption of 

cell membrane integrity, and ultimately cell lysis, but only when their ratio to the quantity of lipid 

membrane has exceeded a threshold [224]. 
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Figure 6-11. Representative florescence microscopic images of live/dead stained E. coliA and S. 

aureus cells before and after being exposed to 0.02 mg/mL of SDS. Green and red stains indicate 

live and dead bacteria, respectively. 

6.8.6. The surface charge density of L. pneumophila in 1X PBS 

Under many circumstances the shear plane of particles/bacteria may overlap with the 

surface, consequently the surface potential will be taken as the zeta potential [196]. Under low 

ionic concentration (1X PBS) and small zeta potential values (<25 mV), the Gouy-Chapman, 1-

dimentional solution of the non-linear Poisson-Boltzmann equation, can provide an estimated 

surface charge density of bacteria based on zeta potential values. However, the actual surface 

charge density values could be higher than those estimated by Gouy-Chapman model [196, 197, 

225, 226]. Above all, bacterial surface is not impenetrable against the ions, consequently 

calculating bacterial surface charge density is complicated [53, 196, 197]. Taking this into account, 

we employed Gouy-Chapman to estimate the charge density of L. pneumophila in 1X PBS. The 

surface charge, σ, of bacteria has been calculated as follows: 
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𝜎 = √8𝑐𝑁𝜀𝑟𝜀0𝑘𝐵𝑇 𝑆𝑖𝑛ℎ (
𝑒𝜉

2𝑘𝐵𝑇
)       (6-1) 

where c is the ionic concentration of solution, N is the Avogadro constant, εr and ε0 are the vacuum 

and solution permittivity, respectively, kB is the Boltzmann’s constant, T is the temperature, e is 

the electronic charge and ζ is the zeta potential (overlapped with surface potential).  

 

Figure 6-12. Estimation of surface charge density from zeta potential of L. pneumophila in 1X PBS, 

experimental data were extracted from Figure 6-2 (a).  

Figure 6-12 depicts the estimation of surface charge density, based on zeta potential 

measurements carried out on L. pneumophila in 1X PBS, with and without SDS (Figure 6-2 (a)). 

Such a linear relation projected that the bacterial surface charge density was nearly doubled at SDS 

concentration of 0.02 mg/mL, compared to surface charge density of unconjugated bacteria 

(reference sample). As it can be seen in Figure 6-12, L. pneumophila initially carried ~ 0.01 C/m2, 

i.e. ~ 1.3×105 electrons for a bacterial size of 1µm by 2µm. This simplified approach, based on 

Gouy-Chapman equation, showed a qualitatively reasonable relation between the surface charge 

density of E. coli and its zeta potential values, while it was considered that surface charge density 

of bacteria could have been underestimated [197]. Nonetheless, the ratio of surface charge density 

at 0.02 mg/mL SDS (indicated with arrow in Figure 6-12) over the surface charge density of 

unconjugated bacteria could be accurate, since Gouy-Champan predicted an appropriate trend of 

bacterial surface charge density variations [196, 197]. In view of that, we determined that 35.5 × 
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106 SDS molecule (from spectrophotometric measurements) doubled the surface charge density of 

L. pneumophila, from ~ 0.01 C/m2 in 1X PBS. 

6.8.7. Assessing nonspecific binding of E. coliK and L. pneumophila to 

neutravidin 

Experimental procedure: Bulk GaAs surfaces were coated with thiols and neutravidin as 

explained in the section 6.4.5 of this chapter, except antibody grafting step was not carried out. 

Then, these biochips, with neutravidin as the top layer, were exposed to E. coliK and L. 

pneumophila at concentration of 106 CFU/mL for 30 min. Next, biochips were rinsed with 1X PBS 

and DI H2O. Images of surfaces were acquired using an Optical microscope (Zeiss, Axiotech) and 

processed with ImageJ software.  

 

Figure 6-13. Optical microscopic images of GaAs surfaces exposed to L. pneumophila (a), (b), (c) 

and exposed to E. coli K12 (d), (e), (f). The employed bio-architecture consisted of self-assembled 

monolayer of thiols and neutravidin and it is depicted (not drawn to scale) in (g) 
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   Results: Figure 6-13 shows the representative images with different magnification scales 

and schematic view of the bio-architecture, used for capturing bacteria. The top row images 

(Figure 6-13 (a), Figure 6-13 (b) and Figure 6-13 (c)) belongs to the GaAs surfaces exposed to 

L. pneumophila. The fairly clean surface of these samples indicated that immobilization of L. 

pneumophila on GaAs/AlGaAs biosensor using bio-PEG/HDT/neutravidin/antibody architecture 

did not involve nonspecific binning of L. pneumophila to neutravidin. The bottom row images 

(Figure 6-13 (d), Figure 6-13 (e) and Figure 6-13 (f)) corresponds to the GaAs surfaces exposed 

to E. coli K12. The rod shape of E.coli bacteria, typically of 2 μm in length and 0.5 μm in width 

[53], are clearly observed. This suggested that nonspecific binding of E. coli K12 to neutravidin 

must be taken into account when bio-PEG/HDT/neutravidin/antibody architecture is employed as 

bioreceptor. 
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CHAPTER 7. Conclusions and Perspectives 

Photo atomic layer etching of GaAs/AlGaAs nanoheterostructures, with significant 

implications for III-V semiconductors nano-structuring as well as biosensing in aqueous 

environment, has been investigated. To address the aforesaid objectives of this project, the 

fundamental aspects and mechanism of photo-induced material dissolution as well as formation of 

stoichiometric surfaces of GaAs/AlGaAs nanoheterostructures were studied. The response of 

photocorrosion based biosensor for detection of L. pneumophila, as the principal target of this 

research, was examined. Following successful detection of this pathogen, certain strategies for 

enhancing the performance of PL-based biosensors were proposed and enhanced detection of L. 

pneumophila was demonstrated. Here, the main outcomes of this thesis are summarized.   

First, the mechanism of DIP of GaAs/Al0.35Ga0.65As nanoheterostructures in both DI H2O 

and NH4OH environments was studied. A low power LED (P ≈ 16-20 mW/cm2 & λ = 660 nm) 

was employed to induce the photocorrosion process, and the photoluminescence of the investigated 

nanoheterostructures was monitored in situ. ICP-MS analysis provided the stoichiometry 

information of the surfaces that underwent the DIP process. It was shown that the concentration of 

As3+ ions released in DI H2O was similar to the number of these ions expected to be released by 

the GaAs/AlGaAs nanoheterostructure DIP up to 60 nm deep. However, this was the case for Ga3+ 

ions only up to ~ 8 nm. The related discrepancy in the concentration of Ga3+ ions was investigated 

with XPS and FTIR and accumulation of, mainly Ga2O3 as well as Al2O3 and Al(OH)3 was 

observed. On the other hand, NH4OH solution provided attractive conditions for producing 

stoichiometric surfaces as an excellent agreement between the calculated and ICP-MS detected 

concentration of As3+ and Ga3+ has been observed for the photocorrosion depths slightly exceeding 

100 nm. AFM was also utilized to examine the morphology of the DIP surfaces, and it was shown 

that photocorrosion in DI H2O resulted in formation of a rough surface (σRMS = 2.1 nm) of a 

GaAs/AlGaAs nanoheterostructure photocorroded by 105.6 nm, whereas photocorrosion in 

NH4OH created a relatively smooth surface (σRMS = 0.93 nm) for the same etch depth. It was 

further observed that neither DI H2O nor NH4OH could provide suitable conditions for dissolving 

Al2O3 and Al(OH)3 that accumulated on the surface of processed nanoheterostructures. 

Consequently, DIP of significantly thicker nanoheterostructures will require an Al-oxide etching 
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environment, such as that based on hydrofluoric or phosphoric acids. Some major differences and 

potential advantages of the DIP process for nanostructuring of compound semiconductors and 

fabrication of advanced nanoscale devices, which distinguish DIP from conventional digital 

etching techniques, were pointed out. The most important, the DIP process allowed a sub-

monolayer precision of material removal without the need of changing the hardware. In addition, 

the DIP process was monitored in situ with photoluminescence of the processed wafer, and it was 

shown that PL could be employed for exploring DIP for fabrication of stoichiometric surfaces. 

Thus, these results demonstrated the feasibility of a simple and relatively inexpensive method for 

fabrication of some III-V semiconductor nanodevices with in situ monitored atomic level etching 

rates. 

In the next step, the PL transducer was employed for detection of L. pneumophila in 

aqueous solution. To monitor photocorrosion of GaAs/AlGaAs nanoheterostructures a quantum 

semiconductor photonic biosensor (QSPB) reader was used. Provided that the photocorrosion rate 

of GaAs/AlGaAs nanoheterostructure could be controlled and modified with the concentration of 

holes reaching the semiconductor/electrolyte interface, it was shown that the electrostatic 

interaction between L. pneumophila and the biofunctionalized GaAs/AlGaAs biochips affected the 

photo-etching rate and, consequently, the position of temporal PL maximum-intensity was 

changed. Detection of L. pneumophila in 0.1X PBS at concentrations of 104 to 106 bacteria/ml was 

achieved in the first step. It was achieved in a 100-fold diluted PBS (0.1X PBS) that allowed to 

compensate for the weaker interaction of the biosensor with L. pneumophila characterized by much 

lower negative charge compared to that of E. coli K12 that was previously detected by this 

technique.  

In order to improve immobilization of L. pneumophila on the surface of the biosensor, 

GaAs/AlGaAs biochips were electrically biased. For such a purpose, an electrochemical cell with 

a 3-electrode configuration and an Ag/AgCl reference electrode was designed. The conventional 

bio-architecture consist of bio-PEG/HDT/Neutravidin/Antibody was employed to capture bacteria 

and FITC conjugated antibodies as well as fluoresce microscopy technique was used to study the 

impact of the applied bias on the bacteria immobilization process. Control of semiconductor band 

bending was achieved using a moderate applied voltage. Under increased band bending at applied 

E = 0.2 V, the repulsion force originating from semiconductor-bacteria double layers was reduced. 
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This allowed capturing almost 2 times more L. pneumophila at the surface of a biosensor, 

suggesting that an enhanced LOD could be expected using electrical biasing of the GaAs/AlGaAs 

biochip. However, this technique was limited in terms of bias amplitude and duration, as the 

electrical current degraded the transducer performance.  

In order to enhance the LOD of the photocorrosion based biosensor, negatively charged 

molecules were bound to the bacterial surface with the aim of amplifying the bacterial surface 

charge. Zeta potential measurements were utilized to monitor the charge effect of bacteria. It was 

shown that SDS could increase significantly the zeta potential of E. coli as well as it reduced the 

nonspecific binding of E. coli to the employed bio-architecture. Consequently, the PL based 

detection of L. pneumophila at 103 CFU/ml was achieved by decorating these bacteria with SDS. 

Hence, an innovative method for improving the performance of biosensors detecting negatively 

charged bacteria was demonstrated. Such a chemical modification of the bacterial surface charge 

was neither complicated nor expensive.    

Furthermore, some interesting directions for future studies could be defined. First, 

regarding the outstanding characteristics of the DIP process for nano-structuring, it would be 

interesting to investigate other types of III-V nanoheterostructures to provide an economically 

interesting counterpart to modern technologies of device nanofabrication. Moreover, digital 

dissolution of III-V nanoheterostructures should be investigated in solutions with different pH 

because, as pointed out by Sharma et al. [105], the resolution of PL-monitored interfaces in  

GaAs/AlGaAs quantum well microstructures depends strongly on an acidic strength of the 

photocorrosion solution. 

Additionally, the performance of the investigated biosensor could be further improved by 

automating some essential parts. The employed QSPB reader excites samples and collects data 

only for a short fraction of time, followed by a relatively long idle condition. This means that the 

optical setup can be used for measuring PL of multiple biochips in quasi-parallel. Therefore, the 

throughput (number of tests per day) of a biosensor could be significantly increased by applying a 

servomotor-based stage for processing of several different biochips. Finally, the potential 

applications of the QSPB technology could be attractive for cell biology research, as some recent 

results have shown that the movement of ions across plasma membranes of cancer cells could 
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create a significant negative charge [227]. It is reasonable to expect that such a phenomenon could 

be detected with the QSPB platform.  
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Conclusions et Perspectives Français   

La gravure de la couche photo-atomique des nano-hétérostructures GaAs/AlGaAs, avec 

des implications significatives pour la nano-structuration des semi-conducteurs III-V et la bio-

sensibilité en milieu aqueux, a été étudiée. Pour aborder les objectifs cités dans ce projet, les 

aspects fondamentaux et le mécanisme de la dissolution photo-induite du matériau, ainsi que la 

formation des surfaces stœchiométriques des nano-hétérostructures GaAs/AlGaAs ont été étudiés. 

La réponse du biocapteur à base de photocorrosion pour la détection de L. pneumophila, en tant 

que cible principale de cette recherche, a été examinée. Suite à la détection réussie de ce pathogène, 

certaines stratégies visant à améliorer la performance du biocapteur à base de la 

photoluminescence (PL) ont été proposées et une détection améliorée de L. pneumophila a été 

démontrée. Ci-dessous, les principaux résultats de cette thèse sont résumés. 

Tout d'abord, le mécanisme de DIP des nano-hétérostructures GaAs/Al0.35Ga0.65As dans les 

environnements DI H2O et NH4OH a été étudié. Une LED de puissance assez faible (P ≈ 16-20 

mW/cm2 & λ = 660 nm) a été utilisée pour induire le processus de photocorrosion, et la PL des 

nano-hétérostructures étudiées a été contrôlée in situ. L'analyse ICP-MS a fourni les informations 

stœchiométriques des surfaces ayant subi un processus DIP. Il a été montré que la concentration 

des ions As3+ libérés dans DI H2O était similaire au nombre de ces ions qui devraient être libérés 

par le DIP des nano-hétérostructure GaAs/AlGaAs jusqu'à 60 nm de profondeur. Cependant, 

c’était le cas pour les ions Ga3+ jusqu’à environ 8 nm. La divergence dans la concentration des 

ions Ga3+ a été étudiée avec XPS et FTIR et l’accumulation de, principalement Ga2O3, Al2O3 et 

Al(OH)3, a été identifiée comme la source de cette incohérence. D'autre part, la solution de HN4OH 

a fourni les conditions requises pour produire des surfaces stœchiométriques gravées car un 

excellent accord entre la concentration calculée et celle détectée par ICP-MS de As3+ et Ga3+ a été 

observé pour les profondeurs de photocorrosion dépassant légèrement 100 nm. L'AFM a 

également été utilisé pour examiner la morphologie des surfaces produites et il a été montré que la 

photocorrosion dans DI H2O entraînait la formation d'une surface rugueuse (σRMS = 2.1 nm) d'une 

nano-hétérostructure GaAs/AlGaAs de 105.6 nm d'épaisseur, tandis que la photocorrosion dans 

NH4OH a créé une surface relativement lisse (σRMS = 0.93 nm) pour la même profondeur de 

gravure. Il a ensuite été soutenu que ni DI H2O ni NH4OH ne pouvaient constituer une condition 

adéquate pour dissoudre Al2O3 et Al(OH)3; ils pourraient donc s’accumuler à la surface des nano-
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hétérostructures GaAs/AlGaAs. Par conséquent, la DIP des nano-hétérostructures beaucoup plus 

épaisses nécessitera un environnement de gravure à l'oxyde d'Al, tel que celui basé sur les acides 

fluorhydrique ou phosphorique. Certaines différences majeures et avantages potentiels du 

processus DIP pour la nano-structuration des semi-conducteurs composés et la fabrication de 

dispositifs nanométriques avancés, qui distinguent le DIP des techniques classiques de gravure 

digitale, ont été soulignés. Pour commencer, le processus DIP a permis une précision de de gravure 

de la sous-monocouche sans avoir à changer le système. En outre, le processus DIP a été monitoré 

in situ avec la photoluminescence de l’échantillon étudié. De plus, il a été montré que les données 

PL pourraient être remplacées par des données ICP-MS pour explorer la stœchiométrie de surface. 

Enfin, les résultats obtenus ont démontré la faisabilité d'un procédé simple et relativement peu 

coûteux pour la fabrication des nano-dispositifs à semi-conducteurs composés, avec les surfaces 

stœchiométriques s'étendant en profondeur dans des nano-hétérostructures gravées.  

Dans l'étape suivante, le transducteur PL a été utilisé pour la détection de L. pneumophila 

en solution aqueuse. Pour le monitoring de la photocorrosion des nano-hétérostructures de 

GaAs/AlGaAs, un lecteur portable et miniaturisé de biocapteurs photoniques à semi-conducteur 

quantique (QSPB) a été utilisé. Pourvu que le taux de photocorrosion de la nano-hétérostructure 

GaAs/AlGaAs puisse être contrôlée et modifiée avec la concentration des trous atteignant 

l’interface semi-conducteur/électrolyte, il a été démontré que l'interaction électrostatique entre les 

bactéries L. pneumophila et les biopuces GaAs/AlGaAs bio-fonctionnalisées affectait le taux de 

photogravure et que, par conséquent, la position de l'intensité maximale de PL temporelle était 

modifiée. Ainsi, la détection de L. pneumophila dans du PBS 0.1 X à des concentrations de 104 à 

106 bactéries/ml a été obtenue. C'était démontré que le PBS dilué 100 fois (PBS 0.1X) offrait la 

condition électrostatique nécessaire à la détection de L. pneumophila, qui présentait une charge 

négative inférieure à celle obtenue avec E. coli K12 qui précédemment a été détectée par cette 

technique. Il a été expliqué que la sensibilité plus faible du transducteur à base de PL contre L. 

pneumophila (104 bactéries/ml) par rapport à celle d’E. coli K12 (103 bactéries/ml) était due à 

l’effet de charge et la longueur de Debye ont joué un rôle crucial. Cependant, les propriétés du 

biorécepteur employé, principalement l'affinité des anticorps dans ces tests, peuvent avoir une 

influence sur la sensibilité du système de bio-détection. 
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Afin d'améliorer l'immobilisation de L. pneumophila à la surface du biocapteur, les 

biopuces GaAs/AlGaAs étaient polarisées électriquement. Dans ce but, une cellule 

électrochimique avec une configuration à trois électrodes et une électrode de référence Ag/AgCl a 

été conçue. La bio-architecture conventionnelle composée de bio-

PEG/HDT/Neutravidin/Antibody a été utilisée pour capturer les bactéries et les anticorps 

conjugués par FITC ainsi que la technique de microscopie à fluorescence ont été utilisée pour 

étudier l'impact du champ appliqué sur le processus de l'immobilisation des bactéries. Le contrôle 

de la courbure des semi-conducteurs a été réalisé en utilisant une tension appliquée modérée. Sous 

l’augmentation de la flexion de bande à E = 0.2 V appliquée, la force de répulsion provenant des 

doubles couches des bactéries et de semi-conductrice a été réduite, ce qui a permis de capturer près 

de 2 fois plus de L. pneumophila à la surface du biocapteur. Cela suggère qu'une LOD améliorée 

peut être attendue en utilisant la polarisation électrique de la biopuce GaAs/AlGaAs. Cependant, 

cette technique était limitée en termes d'amplitude et de durée de polarisation, car le courant 

électrique pouvait dégrader les performances du transducteur. 

Pour améliorer la LOD du biocapteur à base de la photocorrosion, la liaison de molécules 

chargées négativement à la surface bactérienne dans le but d'amplifier la charge bactérienne de 

surface a été étudiée. Les mesures du potentiel zêta ont été utilisées pour surveiller l’effet de charge 

des bactéries. Il a été montré que l'acide aspartique augmentait le potentiel zêta de L. pneumophila 

inactivé par la chaleur, environ 18-21%, la liaison chimique de la BSA à E. coli et S. aureus 

améliorait leur potentiel zêta négatif jusqu'à 46% et 96% respectivement, et le SDS a doublé le 

potentiel zêta bactérien. Compte tenu des résultats prometteurs obtenus à partir de bactéries 

décorées par du SDS, ce composé chimique a été étudié pour améliorer la détection de L. 

pneumophila. SDS à une concentration de 0.02 mg/ml n'a pas endommagé la membrane cellulaire 

ni pour les bactéries à Gram négatif ni pour les bactéries à Gram positif. Des traces IR de SDS ont 

confirmé une interaction hydrophobe du SDS avec la surface d’E. coli. De plus, le SDS a réduit la 

liaison non spécifique d'E. coli à la bio-architecture utilisée. Dans la dernière étape, une détection 

de L. pneumophila basée sur la PL avec une LOD améliorée de 103 UFC/ml a été rapportée. Ainsi, 

une méthode innovante pour améliorer les performances des biocapteurs détectant la charge 

négative des bactéries a été démontrée. Une telle modification chimique de la charge bactérienne 

de surface n'était ni compliquée ni coûteuse.  
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Dans le cadre de cette thèse, certaines questions fondamentales concernant le processus de 

photocorrosion digital (DIP) ont été étudié. En utilisant les mesures ICP MS et les techniques de 

caractérisation de surface les plus récentes, il a été démontré que le DIP peut fournir une condition 

pour la gravure sous-monocouche des semi-conducteurs composés tout en préservant la 

stœchiométrie de leurs surfaces. L'application de la DIP pour la détection de bactéries chargées 

électriquement a été étudiée, et il a été montré que L. pneumophila décorée par des biomolécules 

chargées négativement pouvait être détectée à 103 UFC/ml, ce qui est considéré comme l'un des 

meilleurs résultats rapportés à ce jour avec la technologie de biosensing basée sur DIP, tout en 

soulignant l'importance de la longueur de Debye pour la performance QSPB. 

Par ailleurs, des pistes intéressantes pour des futures études pourraient être définies. Tout 

d'abord, en ce qui concerne les caractéristiques exceptionnelles du processus DIP pour la nano-

structuration stœchiométrique, il serait intéressant d'étudier d'autres types de nano-hétérostructures 

III-V pour fournir un équivalent économiquement intéressant aux technologies modernes de nano-

fabrication. De plus, la dissolution digitale des nano-hétérostructures III-V devrait être étudiée 

dans des solutions de pH différent car, comme l’ont souligné par Sharma et al. [105], la résolution 

des interfaces contrôlées par PL dans des microstructures GaAs/AlGaAs à puits quantiques dépend 

fortement de la résistance acide de la solution de photocorrosion. 

En outre, les performances du biocapteur étudié pourraient être améliorées en automatisant 

certaines parties essentielles. Le lecteur de biocapteur utilisé (lecteur QSPB) excite les échantillons 

et ne collecte les données que pendant une courte fraction de temps, puis il reste inactif pendant 

une période relativement longue. Cela signifie que la configuration optique peut être utilisée pour 

mesurer le PL de plusieurs biopuces en parallèle. Par conséquent, le débit (nombre des tests par 

jour) du biocapteur pourrait être considérablement augmenté en créant un étage basé sur un 

servomoteur capable de repositionner les biopuces lors de la collection des données PL. Enfin, les 

applications potentielles de la technologie QSPB pourraient être intéressantes pour la recherche en 

biologie cellulaire, car certains résultats récents ont montré que le mouvement des ions à travers 

les membranes plasmiques des cellules cancéreuses pourrait créer une charge négative importante 

[227]. Il est raisonnable de s'attendre à ce qu'un tel phénomène puisse être détecté avec la plate-

forme QSPB. 
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