
ABSTRACT 

PEARCE, BRADY LAWRENCE. Solution Based Functionalization of Nanostructured 

Oxides with Organic Molecules. (Under the direction of Dr. Albena Ivanisevic). 

 

The surface modification of wide bandgap semiconductors with organic molecules 

provides novel functionalities to the composite material. These functionalities can include 

tuning of the optical properties, providing solution stability of the inorganic material, as well 

as many others. The use of an in-situ functionalization method for surface attachment of 

phosphonic group containing molecules to the surface of gallium nitride (GaN) has shown 

promise. This technique is particularly advantageous due to the etching and functionalization 

steps occurring at the same time, in the same beaker, as well as not being reliant on organic 

solvents or high temperatures. In this functionalization process, surface hydroxide groups are 

preferentially grown on the surface of GaN, which serve as attachment sites for phosphonic 

groups on organic moieties. Molecules with these hydroxyl groups available natively on their 

surface, such as AlOOH and GaOOH, provide a unique advantage. The requirement for an 

etching step is removed, and the functionalization process could be performed in a simple 

one-step modification. The work in this dissertation seeks to address the possibility of using 

these materials as the inorganic component in organic/inorganic composite material in 

devices. Of particular importance in solar cell and bioelectronic devices is the ability to 

withstand varying pH environments, and to avoid the leaching of toxic ionic species. Lysine 

has shown to reduce the leaching of ionic species, when particles of inorganic molecules are 

cross-linking agents for the amino acid. In this work, the aqueous stability of both AlOOH 

and GaOOH in a lysine environment will be explored. The optical and size characteristics 

observed in nanostructured forms of the mixed composition AlxGa1-xOOH material system is 

of interest, due optical tunability providing a distinct advantage in optoelectronic devices 



containing these organic/inorganic hybrids. Immobilizing phosphonic group containing 

organic dyes on the surface of GaN, GaOOH, AlOOH and mixed compositions of AlGaOOH 

using surface bonding sites, and possible covalent attachments mechanisms, seeks to provide 

an improvement in the long term stability of the inorganic/organic interface for devices. 

Future work in this area will test device efficiency using these hybrids, explore additional 

mixed oxyhydroxide composition systems and continue the advancement of the 

understanding of the important role of phosphonic groups in organic/inorganic devices. The 

nature of chemical and surface species in these materials will be characterized with Fourier 

Transformed-Infrared Spectroscopy (FT-IR) and X-Ray Photoelectric Spectroscopy (XPS). 

The optical properties of the materials were tested with photoluminescence (PL) 

spectroscopy, and the stability was examined with fluorescence spectroscopy. The 

crystallographic nature of the nanostructured inorganic materials before and after 

functionalization was determined with X-Ray Diffraction (XRD). Images of the 

nanostructures were obtained with mainly Scanning Electron Microscopy (SEM) as well as 

Transmission Electron Microscopy (TEM). The work in this dissertation seeks to address the 

improvement of the development of nanostructured inorganic/organic hybrid materials, the 

investigation of novel composites for these applications and the improvement of the long 

term stability in aqueous medium as well as of the organic/inorganic interface itself.  
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1. Introduction  

1.1 Background  

 The main topic of this thesis involves a discussion of the viability of nanostructured 

gallium and aluminum oxyhydroxide materials, functionalized with organic molecules, as 

organic/inorganic interfaces for solar cell and biological applications. The use of dyes as the 

organic molecule in these interfaces presents one particular example, for use as dye-

sensitized solar cells (DSSCs). Dyes with functional groups containing phosphonic sites 

provide the advantage of binding with the oxide layer native on GaOOH and present through 

controlled etching on GaN. Previous work has demonstrated the viability of using 

phosphonic group containing organics for the functionalization of GaN.
1
 This covalent bond 

presents the unique advantage of prolonged device stability in environmental and biological 

conditions, such as those solar cells and biosensors are subject to.  

 The semiconductor molecules of interest in this work are gallium nitride (GaN), 

gallium oxyhydroxide (GaOOH) and aluminum oxyhydroxide (AlOOH). These inorganic 

materials are proposed for interfacing with various organic molecules for novel hybrid 

inorganic/organic composites. The organic molecules of specific interests are L-lysine and 

phosphonic group containing porphyrin dyes. Recent research has indicated that by etching 

and effectively growing a hydroxide layer on GaN, a means of covalent surface attachment 

for phosphonic, carboxylic group and thiol containing organic molecules is produced.
2
 This 

attachment mechanism is identical to that of GaOOH, in that the surface layer on GaN that is 

used is present throughout the entire molecule. The native presence of this oxide layer on 
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GaOOH, as well as the native layer on AlOOH, presents a unique advantage of these 

materials for modification with functional organics.  

1.2 Gallium Nitride, Gallium Oxyhydroxide and Aluminum Oxyhydroxide 

 Gallium nitride belongs to the class of materials known as III-nitrides, containing Ga 

as the III-group element. The crystal structures that GaN predominately exists in are wurtzite 

and zinc blende. 
3
 It is a direct, intrinsic semiconductor with a wide band gap of 3.4 eV.

4
 As a 

direct bandgap containing semiconductor, it is suitable as a material for optoelectronic 

applications. The incorporation of functional groups to the surface of GaN has been used for 

a multitude of applications including thin films deposited on nanowires by atomic layer 

deposition,
5
 field-effect transistors with recognition peptides attached to the surface,

6
 thiol 

groups,
7
 attachment of olefins,

8
 alkyl groups,

9
 incorporation of alkylphosphonic acids

10
 and 

1-alkenes
11

 in an effort to add various functionality to the inorganic semiconductor surfaces. 

 The wide bandgap semiconductor, GaOOH, with a bandgap of 4.75 eV, provides a 

useful inorganic scaffold for the attachment of organic dyes for use as DSSCs and biosensing 

applications. The crystallinity of GaOOH has been shown to be that of an orthorhombic 

crystal system.
12

  In recent work, GaOOH has been used as a precursor molecule for 

conversion to gallium oxide (Ga2O3)
13

 as well as GaN.
14

 With a direct bandgap, GaOOH is 

also suitable for optoelectronic devices. The Al analogue to this, AlOOH, also contains a 

direct bandgap which is known to be 4.51 eV.
15

 The optical properties of AlN and GaN 

provide the unique capability of using ternary, mixed compounds to tune the specific 

wavelength of emission for LEDs and other optoelectronic devices. In general, III-nitride 
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materials have been identified as some of the most important compounds for driving the 

future of optoelectronic devices.
16

  

 It is of interest to investigate composite oxyhydroxide materials containing both Ga 

and Al. The aluminum oxide layer has shown to be an effective and highly stable material for 

interfacing with organics, such as poly-L-lysine.
17

 Vogelson et. al. demonstrated the use of a 

simple reflux reaction to synthesize hybrids of AlOOH and lysine. This technique is 

environmentally friendly due to it relying on only DI water as a solvent. The temperatures 

used are lower than typical functionalization reactions, as well. By replacing the AlOOH 

nanoparticles with GaOOH nanostructured materials, it is believed that a composite with Ga 

can be synthesized.  

1.3 In-situ Functionalization of Gallium Nitride Using the Surface Oxide Layer 

Wide bandgap semiconductors are effective materials for functionalization with 

organic molecules for a number of reasons. The material properties of the inorganic 

semiconductor form the basis for optical and electrical characteristics of the functional device 

as well as determine the coherency of the interface between the two molecules. In the case of 

GaN and GaOOH, the effectiveness and stability of the interface is reliant on the oxide layer 

present on the surface of the two molecules. Hydroxide groups present on the surface have 

proven effective moieties for the attachment of phosphonic groups and covalent modification 

of the surface with an organic molecule.
18

   

In-situ functionalization of GaN has been shown to be possible using simple, beaker 

based wet chemistry. This functionalization process has been performed with some success 

in the past with topographical, surface chemical, optical and electronic properties 
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characterized to determine differences before and after the modification. Changes in the 

optical properties due to the functionalization have been explored in detail due to the 

materials importance in light emitting diodes (LEDs).
19

 

The mechanism of the in-situ surface attachment of organic moieties to GaN consists 

of a few steps for coverage to occur. It is noted that this approach is less time consuming and 

more environmentally friendly than previous reported methods of functionalization of 

semiconductors with organic molecules. There are four steps in this process including 

cleaning, etching and binding of the functional molecule and capping of the surface. During 

the cleaning process, any environmentally formed, uncontrolled oxide and carbon layer is 

removed from the surface to ensure a useful oxide layer can be formed for surface 

attachment. In the etching portion, oxides are formed and dissolved on the surface of the 

GaN sample and a controlled attachment layer is formed on the surface. In the in-situ 

functionalization of GaN, this etching step is done in conjunction with the binding step where 

the functional groups used for attachment interact and bind with the controlled oxide layer or, 

in some cases, the metal itself. Capping is done to ensure that no undesired molecules bind 

with the surface after the functionalization and any unreacted materials are washed and 

filtered away.  

This methodology is particularly beneficial due to its environmentally friendly nature. 

Hydrochloric acid, used during the cleaning step, is the most abrasive and unsafe chemical 

used during the process. The etching process is done with the relatively safe phosphoric acid 

and simple DI water as solvents.  
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1.4 Applications of Organic/Inorganic Composites 

 

One of the specific applications of interest for these novel, nanostructured 

organic/inorganic interfaces is that of DSSCs. Since these devices advent in 1991, in the 

work done by Grätzel and O’Regan
20

, extensive research has been done to improve the 

efficiency and stability of them. For DSSCs, the focus of most recent research efforts is on 

the materials TiO2
21

 and ZnO.
22

 Research into alternative materials has garnered recent 

attention due to TiO2 having relatively low electron mobility.
23

 Conversion efficiencies of the 

alternative ZnO have been cited as being low with the reasoning behind this being the dye 

interaction with the semiconductor at the surface.
24

 Group III-nitride semiconductors, 

particularly in nanostructured form, have been identified as extremely important for devices 

which rely on optoelectronic phenomenon.
16

 As indicated earlier, the oxide layer present on 

GaN provides the ability to bond phosphonic containing groups to the surface, thus 

increasing efficiency by increasing long term device stability.
2
  

The search for efficient, renewable energy sources has driven the rise in research into 

increasing the efficiency and decreasing the cost and environmental effects of manufacturing 

solar cells. Advantages of DSSCs are numerous and include the low cost of fabrication
25

 as 

well as the nature of the cell being environmentally friendly.
26

 These types of cells are 

considered the third generation of solar cells and are diverse in chemical and structural 

makeup.
27

 The principle behind their operation, however, remains the same and is reliant 

upon an organic dye molecule that can inject electrons from its highest occupied molecular 

orbital (HOMO) to the conduction band of a wide bandgap semiconductor that is in close 
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proximity of the dye. An electrolyte solution is used to regenerate electrons in the system by 

reducing them to the lowest occupied molecular orbital (LUMO) of the dye molecule. It is 

the incoming radiation that promotes these electrons from the LUMO to the HOMO where 

the dye-semiconductor transfer will occur again.  The electrodes of DSSC are typically made 

of a transparent conducting oxide (TCO).   

 The typical method of attachment of dye molecule to semiconductor is by 

physisorption on the surface by various techniques. This has proven to be a useful technique; 

however issues of long term stability remain problematic. Recent work has been done to 

replace the solvent used in the electrolyte solution to address this.
28

 We seek to add to this by 

using our unique interface which contains surface bonding and is believed to be capable of 

long term device stability in environmental conditions.  

A second consideration for device implementation is the electronic and optical 

properties of direct wide bandgap semiconductors providing a method of incorporating an 

optically active organic molecule to tune these properties for sensing and energy harvesting. 

The band alignment that occurs between organic dye molecules and GaN and GaOOH is 

advantageous when compared to that of TiO2. The band alignment of these wide band gap 

semiconductors provides evidence of these Ga containing semiconductors viability as 

suitable replacements for DSSCs. 

Beyond solar cells, these organic/inorganic hybrid materials have been identified as 

especially useful for biosensors and other biological applications. The use of gallium 

containing materials for biological applications is viable due to its reported 

biocompatibility.
29

 Using the amino acid lysine provides unique functionality for biological 
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applications of these composites. It has shown to improve cell adhesion
30

 and 

biocompatibility
31

 of various functional materials.  

The aqueous stability of materials used in biological applications is important for 

toxicity considerations. Pourbaix diagrams of Al and Ga oxide materials demonstrate the 

importance of stabilizing these materials in aqueous environments. Both elements are 

passivated in small pH windows and in environments with varying pH, leaching of both is 

likely to occur. This is indicative of improving the stability of oxides of these materials by 

functionalization with a molecule such as lysine.  

1.5 Advantages of Nanostructured Materials 

  A distinct advantage of the use of nanostructured materials for organic 

functionalization is the increased surface area and, therefore increased attachment sites for 

modification.
21

 Specifically for photovoltaic applications, there is an increase in research for 

the use of GaN nanostructured materials. Various nanostructures of GaN have been 

investigated including nanobelts, nanowires and others. A microwave hydrothermal process 

has been used to synthesize nanorods of GaOOH.
31

 Nanostructured AlOOH has been 

synthesized using a variety of methods, including the hydrothermal synthesis of γ-AlOOH 

nanotubes and nanorods.
32

  

1.6 Examples of Synthesis Techniques for Nanostructured Materials 

1.6.1 Solution Based Techniques 

 The literature describing various solution based techniques of forming nanostructured 

materials is extensive. Examples of solution based methods include microemulsion, 

hydrothermal, sol-gel and ultrasonic synthesis of materials.
33

 Recent work has established 
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microwave hydrothermal synthesis which will be the focus of the next section. Hydrothermal 

synthesis techniques for metal oxide materials have recently been reviewed.
34

 Typically, 

these reactions use metal nitrate salts as precursors. A hydrolysis reaction follows which 

forms a metal hydroxide. Dehydration of this hydroxide forms a precipitate which is that of a 

metal oxide. This is described below in Equation 1 and 2, adapted from Hayashi et. al.
34

  

M(NO3)x + xH2O → M(OH)x + xHNO3                                                   (1)      

M(OH)x → MOx/2 + x/2 H2O                                                    (2) 

 Microemulsion techniques rely on three different components within one stable, 

single phase solution. A surfactant is used that is miscible in the solution along with two 

other components which are not. The stabilizer or emulsifier is a molecule with a polar head 

group and nonpolar tail. The emulsifier aligns itself with the nonpolar tail facing towards the 

surfactant and the polar head group facing towards what is typically an aqueous solution 

containing precursor materials. The emulsifier surrounds the reaction solution and dictates 

the size and shapes of crystallized product. 

 Sol-gel techniques rely on the polymerization of inorganic materials. The precursor 

materials in these reactions form gels through a hydrolysis reaction. The size of the particles 

is affected by rates of the hydrolysis reaction as well any condensation reactions that occur.
33

 

The removal of solvent from the gel is done using high temperature calcination. Other factors 

that affect the size of these particles are the composition and pH of the solution and the 

temperature of the reaction.
33

  

 The synthesis of nanomaterials using sonochemical methods uses ultrasounic 

radiation to promote chemical reactions. An advantage of this method is that it can be done 
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with no added pressure or temperature to the reaction. The high energy sound waves cause 

acoustic cavitation to occur which forms bubbles in the solution which continue to grow until 

they collapse.
33

 These bubbles are thought to produce extremely high temperatures during the 

process of their collapse which are then rapidly cooled back to the ambient solution 

temperature.  

1.6.2 Microwave Hydrothermal Synthesis  

 In traditional hydrothermal synthesis techniques, the solution is sealed and placed into 

an autoclave. The reaction temperature is set and it is left for periods of around 24 hours, 

typically. Recent work has shown that by replacing the autoclave with a microwave, these 

reactions can be done in less than an hour.
31

 This can be done with no surfactant in an 

environmentally friendly way, with just DI water as a solvent.  

 The key advantage of microwave synthesis is the drastically reduced time restraints 

on the reaction process. Along with this, the process requires less energy than typical 

synthetic techniques which allows it to be considered a green chemistry technique.
35

 Another 

advantage is that the microwave heating is capable of restricting the side reactions that take 

place during the synthesis.
36

  

 Radiation that resides in the frequency range between 0.3 and 300 GHz is considered 

microwave radiation. The two processes involved in microwave heating are dipolar 

polarization and ionic conduction. The microwave radiation aligns either the dipoles or ions 

with the oscillating electric field and their attempt to realign within the field causes heating 

effects.
36

 The ionic conduction mechanism is a stronger heating mechanism than that of 

dipolar polarization. An ionic liquid is capable of reaching high temperatures in extremely 
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short periods of time, an advantage of microwave heating that cannot be reproduced by any 

other method. The various mechanisms behind the microwave’s ability to drastically reduce 

reaction time are still under investigation with various theories explaining this phenomenon. 

1.7 Advantages of Oxide Materials for Functionalization  

 The majority of previous research in solution based in-situ functionalization has 

focused on using GaN as the inorganic moiety of the hybrid material. The surface oxide layer 

that forms during the etching process has been hypothesized to be GaOOH or various other 

hydroxyl groups due to the high solubility of Ga2O3 in acidic conditions. It is beneficial, 

therefore, to investigate the solution based functionalization of GaOOH (as well as AlOOH) 

due to the inherent presence of this oxide layer with no etchant required. These materials 

could be functionalized with soluble phosphonic group containing molecules by simple 

prolonged contact in solution. This would eliminate any need for harmful etchants or 

cleaning agents and require simply DI water as a solvent. This process represents a highly 

scalable and environmentally friendly technique for forming organic/inorganic hybrids with 

long term interface stability.  

 The advantages and synthetic techniques of nanostructured forms of these oxide 

materials have already been discussed. The solution microwave techniques are, in particular, 

attractive due to their short time requirements and environmentally friendly nature. The 

solvent used in the microwave hydrothermal synthesis of GaOOH is simply DI water.
37

 This 

technique has not been reported for the synthesis of AlOOH or composites of Al and Ga. 

This provides a unique additional time saving property of this synthetic technique. A water 

soluble organic molecule containing phosphonic linkage groups can be added with the 
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microwave precursors and the resulting product will be the desired inorganic/organic 

composite material.  

1.8 Characterization Methodologies and Properties of Organic/Inorganic Interfaces 

Various techniques exist which have proven effective at investigating the properties 

of organic/inorganic hybrid materials. Surface sensitive techniques for determining the 

chemical properties of the interfaces provide important information. This can be done using 

X-ray photoelectron spectroscopy (XPS) and Fourier transformed-infrared spectroscopy (FT-

IR). The effects of functionalization on the crystalline nature of the inorganic materials are of 

particular interest for the synthesized nanostructures. X-ray Diffraction (XRD) measurements 

provide this information. The optical properties of the material are the main focus of their 

viability in optoelectronic devices. The emission wavelength under high energy photon 

excitation is of particular interest and can be measured using photoluminescence 

spectroscopy (PL). The stability of the organic material’s attachment to the inorganic 

material can be assessed with experiments involving the use of fluorescence spectroscopy. 

High resolution atomic leaching and ratios can be obtained using inductively coupled 

plasma-mass spectrometry (ICP-MS). The morphological features of these nanostructured 

samples can be explored using scanning electron microscopy (SEM). 

1.8.1 X-Ray Photoelectron Spectroscopy 

 XPS is a surface sensitive technique which provides valuable information about the 

surface chemistry of materials. It relies on the photoelectron effect which occurs when a high 

energy photon excites electrons within a material. Electrons within the material can be 

removed with a photon energy that is greater than the work function of the sample. The 
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removed electron will have a kinetic energy which is equal to the energy of the incoming 

photon minus the binding energy of the electron within the material.
38

 This energy is 

measured and provides information about the atom and orbital shell attributed to the ejected 

electron. Observed energy shifts in these measured electrons are attributed to binding with 

various other atomic species. 

 Two x-ray sources are typically used in XPS instrumentation which includes Al Kα 

and Mg Kα. The energy of x-rays generated from these sources is 1486.7 and 1253.6 eV, 

respectively. Survey scans sweep through a large range of binding energies. These scans can 

be used for qualitatively understanding the atomic species present on the surface as well as 

quantitatively measuring the ratio of these species in the sample. Charging effects from 

insulating samples (such as GaN and the oxide materials of interest) cause the measured 

binding energies to shift from their real values. Due to this, a calibration standard has been 

established using the advantageous carbon peak in the carbon 1s regional scan to 284.8 eV.
39

 

 In order to provide higher resolution information for use in determining the nature of 

bond species to the atoms seen in the survey scan, regional scans are used. The range of these 

scans is much lower than the survey scan and they focus specifically on one orbital shell of 

an atom. A particularly useful high resolution region for the materials discussed in this 

chapter is the N 1s region. Organic materials containing N species can easily be identified in 

the N 1s region due to the high binding energy of N bound to organic species. Amide bonds 

can be found near 399.8 eV
40

 and peaks around 399 and 402 eV for pyrolle N in porphyrin 

molecules.
41
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1.8.2 X-Ray Diffraction  

 Crystallographic information is of importance for these composites in order to 

observe the effects, if any, of the presence and attachment of the organic molecule to the 

crystalline nature of the nanostructured inorganic semiconductors. XRD is a widely used 

technique for addressing the crystalline nature of samples. In this work, Bragg-Brentano 

geometry will be the focus of discussion, since the materials are powders and nanostructured 

samples and not thin films. In this geometry, the angle of diffraction of the x-ray after 

interacting with the crystal structure of the material provides information about the 

orientation and planar spacing of the sample. In addition, the size of crystallites within the 

material can be determined using the Scherrer equation. The broadening of the spectral lines 

in the XRD can be used to calculate the size of crystallites.  

1.8.3 Optical Properties and Photoluminescence Spectroscopy 

A main focus of this chapter is the ability to use the inorganic/organic hybrids 

discussed in this work as optoelectronic and biosensing platforms for improving stability and, 

possibly, efficiency of devices. Of particular interest for these devices is the band matching 

between the semiconductor and optically active organic molecule. The interaction between 

the HOMO level of the organic material and the conduction band of the semiconductor 

provides the basis for electron transfer between the two molecules in devices such as DSSCs. 

One method of exploring the direct band gap of a semiconductor is by measuring the 

emission wavelength seen in a PL spectrum.  

The mechanism of PL involves the creation of an exciton (electron-hole pair) by 

absorption of a high intensity photon source, such as a laser. If the energy of the incoming 
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photon is higher than the band gap of the semiconductor, the material will absorb it and 

release the energy in a number of different ways. Nonradiative recombination of the excitons 

releases phonons which is essentially the release of heat through lattice vibrations. In the case 

of radiative recombination, photons are release from the material and can be measured using 

a photodetector.  

The maximum energy of the photons released from the material are from an exciton 

pair recombining across the full bandgap of the material. These are referred to as band edge 

recombinations and are seen at the lowest wavelength in PL spectra. For materials which are 

made with less regard to defect density as pristine wafers, the PL spectrum is broad and 

spans a wide range of wavelengths. The second, broad peak seen in these spectra is attributed 

to exciton recombination within defects levels which lie within the band gap themselves. 

Therefore, the photons emitted from these recombination processes have lower energy levels 

than the band edge and are seen at higher wavelengths.   

An important consideration of PL measurements is size effects of nanoscale 

semiconducting materials. The dominant effect of size characteristics on the band gap of the 

materials is determined by the size ratio to the Bohr radius of the material as well as the 

general shape the materials conform to. 

1.8.4 Stability and Fluorescence Spectroscopy 

 A key advantage of these novel composite materials is the mechanism of attachment 

between the organic and inorganic molecule providing the possibility of long term stability of 

the interface and, therefore the device. A key concern for these composites is the stability of 

the interface in aqueous media. Fluorescence spectroscopy provides a method of determining 
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the presence of soluble organic dye leached off of the semiconductor into solution. This can 

be accomplished by leaving the composite sedimented in solution for a long period of time. 

After filtering this solution to ensure none of the sediment remains, fluorescence 

spectroscopy can be done to determine if any soluble dye has leached off of the 

semiconductor and into solution. 

1.8.5 Scanning Electron Microscopy 

 Imaging of materials with nanoscale features is possible with electron microscopy 

techniques. Homogeneity of nanostructured materials and other morphological information 

can be gained using SEM. In SEM, a source of electrons is excited and accelerated though a 

number of lenses before coming in contact with the sample. Electron interactions with the 

samples cause two types of electrons to be emitted, high energy backscattered electrons and 

secondary electrons. The backscattered electrons (BSE) have energies which are equal to that 

of the incoming electron beam. Secondary electrons (SE) are low energy electrons which are 

produced from inelastic collisions of the electron beam with other electrons within the 

sample itself. Both of these electron types are ejected from the sample and can be collected 

by a detector. The electron beam is rastered across the surface of the sample and an image 

can be produced using either the BSE or SE. For improved z-contrast, BSE images are used 

and for morphological and for depth of field information SE images are used.   

1.9 Summary and Overview 

 The beneficial attributes of the inorganic wide bandgap semiconductors GaN, 

GaOOH and AlOOH have been reviewed. It is of interest to investigate the usefulness of 

these materials for inorganic/organic hybrid composites for use as optoelectronic platforms in 
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various devices. Tunability of the optical properties is thought to be possible by varying the 

Al and Ga composition. This is especially attractive for band matching with organic 

molecules which are optically active. In addition, the improvement of aqueous stability of 

these materials is of interest for the reduction of metal leaching for biological applications. 

The work in this thesis seeks to address these unmet areas of need for researching more 

effective and stable composites and their functionalization in interfaces useful for device 

applications. 

 Initially, an in-situ functionalization technique, with the ability to both etch and 

modulate the surface in the same step and beaker, will be performed on nanostructured GaN 

powder using a porphyrin dye. This will be followed by the investigation of the attachment of 

this dye molecule to the surface of a solution synthesized, nanostructured material GaOOH. 

This semiconductor contains the hydroxyl attachment site on it natively, which removes the 

need to etch before introducing the soluble dye. The incorporation of Al precursors in the 

microwave synthesis procedure will then be explored, to determine its effectiveness in 

providing optical tunability. The mixed Al-Ga oxyhydroxide system will also be 

functionalized with the porphyrin dye molecule, and the effects of the dye on the composite’s 

optical properties will be explored. The effects of the incorporation of AlOOH and GaOOH 

with lysine on the aqueous stability of the semiconductors will be explored.  
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2.1 Abstract 

 This work focused on the modification of milled GaN powder. Successful attachment 

of a porphyrin derivative to a GaN powder was performed via in-situ functionalization in the 

presence of phosphoric acid. The GaN powder was imaged using scanning electron 

microscopy and was found to be heterogeneous in nature, adopting no consistent geometry in 

the aggregates. The aqueous stability of the porphyrin used was observed in deionized water 

and a solution of phosphoric acid using ultra-violet-visible spectroscopy. Surface chemistry 

was characterized with x-ray photoelectron spectroscopy and infrared spectroscopy, which 

identified evidence of successful functionalization through the presence of characteristic 

peaks. The interface stability of the covalent bond between GaN and porphyrin was evaluated 

using fluorescence spectroscopy and demonstrated no leaching of dye in water solutions for 

20 days.  

2.2 Introduction 

Research efforts into solution based surface functionalization of inorganic materials 

have sought to expand the knowledge base of the effects surface bound molecules have on 

their properties. Of these semiconducting materials, gallium nitride (GaN), a III-V material 
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with a band gap of 3.4 eV, is of significant interest.
4
 The surface modification of GaN has 

been used to develop field effect transistors with a myriad of surface treatments such as 

recognition peptides
42

, attached thiols
7
, alkyl groups

9
, DNA binders such as olefins

8
, 1-

alkenes
11

, atomic layer deposition (ALD) thin films
5
 and alkylphosphonic acids

10
 for unique 

properties. The chemisorption of multiple molecules (haloanilines,
43

 aniline,
44

 pyrroline,
45

 

water,
46

 and fluorine
47

) on GaN surfaces has traditionally been studied within controlled 

environments. Of the properties altered with surface chemistry, the modulation of optical 

properties of GaN is well documented
48

 and remains a continuing endeavor. The rise in 

applications of functionalized gallium nitride is attributed to their documented chemical 

inertness
49

 and biocompatibility through aqueous stability
50

 when compared to other III-V 

semiconductors. Recent work has shown that wet etching gallium nitride with phosphoric 

acid in the presence of adsorbates alters the surface morphology as well as the surface 

chemical composition.
51

 This combined process opens up the ability to change the 

semiconductor surface, which introduces opportunities for the development of functional 

interfaces as well as biosensing applications.  

 The attachment of dye molecules to semiconductor interfaces is beneficial for 

applications such as dye-sensitized solar cells (DSSC) and optical sensors.
52

 In DSSCs, the 

dye is crucial as it allows a wider bandwidth of light to be absorbed. Previous research has 

documented evidence that porphyrin sensitizers provide high photon-to-electron conversion 

efficiency.
53

 The most studied semiconductor in DSSCs so far is TiO2. Due to TiO2 having a 

low electron mobility (less than 1 cm
2
/V s)

23
, there is a focused effort into identifying 

alternative wide band gap materials. One alternative to TiO2 that has been investigated is 
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ZnO;
24

 however, the instability of the surface interaction between the dye and semiconductor 

is cited for the recorded low conversion efficiency. Recent use of GaN for DSSC applications 

has shown promise compared to transition metal oxides.
54

 Incorporating GaN in DSSCs 

provides a semiconductor with higher electron mobility than traditional TiO2. Additionally, 

the high chemical stability of GaN under different environmental conditions and various 

solvents is beneficial for future solar cell devices.
55

 

 In this study we report the surface modification of milled GaN powder with a 

porphyrin dye. The reported characterization focuses on the chemical stability of the bound 

dye to the GaN and nature of the dye bonding. The use of milled powder was originally 

employed due to its ease and cost when compared to traditional methods such as chemical 

vapor deposition (CVD).
56

 Improvements in the milling process have allowed for the 

possibility of high quality crystal growth.
57

 The high surface area of the powder GaN is 

beneficial for applications such as solar cells where one tries to maximize light conversion. 

In addition to the large surface area, the ability to convert the powder into a paste and deposit 

it onto large planar surfaces provides simplified processing beneficial for DSSCs fabrication. 

By altering the surface morphology with the aforementioned etching technique, the chemical 

stability of the porphyrin salt in the presence of phosphoric acid as well as in an aqueous 

environment was tested. The GaN powder was imaged with Scanning Electron Microscopy 

(SEM) to probe the size and homogeneity of the powder. Fourier Transformed-Infrared 

spectroscopy (FT-IR) was utilized to observe the incorporation of the organic dye on the 

GaN surface. Quantitative X-Ray Photoelectron Spectroscopy (XPS) determined elemental 

composition, binding shifts and the presence of surface species after porphyrin dye 
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attachment. The stability of the attachment of the dye to GaN is important to assess since it is 

directly related to device efficiency.
49

 Fluorescence spectroscopy tracked the presence and 

possible leaching of dye from the powder after immersion in aqueous solutions for up to 20 

days.  

2.3 Materials and Methods  

2.3.1 Powder Functionalization 

The gallium nitride powder was obtained from Sigma-Aldrich (99.99 % trace metals 

basis) without pre-treatment. The powder was washed three times with acetone (Fisher 

Scientific) and three times with methanol (Sigma Aldrich). The samples were then rinsed 

with hydrochloric acid (Sigma Aldrich, 35-38 vole %) three times followed by three washes 

with deionized (DI) water (18.2 MΩ*cm).  

 A 7.125 μM solution of meso-tetra(4-phosphonomethylphenyl) porphine tetrasodium 

salt (TTP-PO3) (Frontier Scientific) with DI water was prepared. This solution was added in 

a 1:1 (v:v) ratio to phosphoric acid (Fisher Scientific, 95%). The resulting solution was added 

to the washed and treated GaN powder and heated for a period of 120 minutes at 40°C. The 

powder was stirred throughout the duration of the treatment. A separate batch of powder was 

washed and stirred in phosphoric acid etchant only for the same time and under the same 

conditions. After 120 minutes, the GaN powder was washed with DI water three times and 

left overnight in a desiccator to dry.  

2.3.2 Characterization 

An Agilent Technologies Cary Series Ultraviolet-Visible Spectrophotometer (UV-

Vis) was used to collect absorbance data. The 7.125 μM solution of TTP-PO3 as well as a 
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solution of 50 vol.% 7.125 μM TTP-PO3 and 50 vol.% phosphoric acid were tested. All 

spectra were collected in quartz cuvettes.  

 Pre-treatment GaN powder was imaged with a JEOL 6010 LE SEM with an 

accelerating voltage of 20kV. The working distance for the image was 10 mm with a spot 

size of 50. A magnification of 3,000x was used to take the micrograph. The IR data was 

gathered with a Bruker 1 95 9670 ALPHA Fourier-Transform-Infrared Spectrometer (FT-IR) 

equipped with a KBr beam splitter. Using the instrument OPUS software, the resolution was 

set to 2 cm
-1 

for all scans. The samples were evaluated by averaging 36 scans in transmittance 

mode. All semiconductor samples were prepared using 50 grams of KBr to 1 gram of GaN 

powder. For the TTP-PO3 data collection 100 grams of KBr to 0.1 gram of TTP-PO3 was 

utilized. The OPUS software was employed to perform a background subtraction and smooth 

line profiles.  

 All XPS evaluation was performed on an Axis Ultra XPS manufactured by Kratos. 

The X-ray source was a monochromated Al Kα with beam energy of 1486.7. eV. A charge 

neutralizer was used with 2.0 A filament current to account for charging of the samples. The 

pressure was maintained within the sample chamber to 3 x 10
-8

 Torr. The samples were 

mounted onto an aluminum sliding sample holder using adhesive coated copper tape. For 

each sample, a survey scan was collected using a sweep pass energy of 160 eV. High 

resolution regional scans were gathered using a pass energy of 20 eV for C1s, Ga 2p, N1s, O 

1s, and P 2p spectra. The software used to deconvolute and calibrate the peaks was Casa XPS 

version 2.3.12.8. A Shirley approximation was used to remove the background before peak 

deconvolution. The data was calibrated by setting the adventitious carbon C 1s peak to 284.8 
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eV. A Lorentzian fit was used to constrain the full width half-maximum of the deconvoluted 

peaks to the primary peaks. A second calibration was performed to adjust for the high degree 

of charging evident in the N 1s region scan. The N-Ga peaks for each sample was calibrated 

to 397.3 eV.
58

 

 The fluorescence data was obtained with an excitation wavelength of 455 nm at 

maximum LED source intensity. The sample was sonicated before testing to ensure 

dispersion of particles within the solution. All data was plotted and analyzed with Origin 9.0. 

2.4 Results and Discussion 

2.4.1 In-Situ Functionalization of GaN Powder with Porphyrin 

Porphyrin molecules show promise for sensitization due to their reported high 

conversion efficiencies.
59

 Stable bonding between the semiconductor and dye molecules is 

critical for stability and optimal electronic properties in photonic devices, which has been 

explored by a number of research groups. Brennan et al. investigated various anchoring 

groups for attaching porphyrin molecules to semiconductor surfaces.
60

 The use of porphyrin 

dyes to successfully sensitize TiO2 was described by Odobel et al.
53

 In this study, we 

performed an in-situ functionalization of GaN powder with a porphyrin derivative TTP-PO3 

using a recently reported in situ approach.
1
 The covalent attachment of the porphyrin to the 

GaN was investigated to determine success and stability of the reaction.  

 The selection of porphyrin derivative for this study was based primarily on the side 

groups and the ability to bind to GaN in addition to containing a desirable structure to 

modulate the optical response. The attachment of phosphonate groups to gallium nitride 

through in-situ functionalization was recently quantitatively studied.
1
 A water-soluble 
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porphyrin was needed in order to be compatible with phosphoric acid used during the in situ 

procedure. The TTP-PO3 salt provides a water-soluble molecule containing phosphonate side 

groups available for attachment through a bidentate mode. In future studies of porphyrin dye 

attachment to GaN, the incorporation of a metal center within the molecule will be explored.  

 Prior to the functionalization method displayed in Figure 2.1 the GaN powder was 

washed with various solvents and treated with hydrochloric acid. The hydrochloric acid was 

used to remove the native thin oxide layer which forms on the GaN during storage under 

normal room temperature and humidity environmental conditions. During functionalization, 

H3PO4 serves as an etchant that encourages the formation of a controlled oxide layer in 

addition to removing nitrogen rich regions from the surface. By adding TTP-PO3 while 

etching, phosphonic groups preferentially bind to metal rich areas on the surface as well as to 

protonated and hydroxyl terminated regions. This in turn provides a binding site for TTP-PO3 

as well as caps existing gallium oxide to hinder dissolution in water. The 7.125 μM solution 

of TTP-PO3 used in this study falls within the concentrations ranges that other surface 

modification procedures have utilized (1 μM to 1 mM.)
61

 Identification of bonding and 

subsequent changes in surface chemistry at the GaN interface is best performed with surface 

sensitive techniques such as XPS. XPS gathers information about the binding energies of 

species at the sample surface and provides qualitative as well as quantitative information of 

changes in chemical composition following chemical treatments. FT-IR assesses the presence 

of distinct functional groups. An additional advantage of using porphyrin as an adsorbate is 

in its distinct fluorescent spectra with peaks with strong intensity. This provides a method of 
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both testing successful functionalization as well as quantification of the stability of the dye 

attachment to the GaN interface. 

 

Figure 2.1. Schematic diagram of the in situ functionalization process showing bidentate 

binding of the porphyrin on the surface of the GaN powder.  

 

 

2.4.2 Stability of Porphyrin in Phosphoric Acid 

An important consideration in this study was the possible aggregation or degradation 

of TTP-PO3 in solution, DI water, or with phosphoric acid. In a typical UV-Vis absorbance 

spectrum, a sharp Q band is used to provide evidence of the monomeric species of TTP-PO3. 

If aggregation occurs, this peak will blue-shift as well as broaden in the UV-Vis spectrum. In 

Figure 2.2, no aggregation or degradation was observed in TTP-PO3 dissolved in water or 

mixed with phosphoric acid etching solution. The solutions were left for 4 hours before they 

were tested to allow enough time for aggregates to form. These results provided evidence 

that TTP-PO3 was compatible with the solution conditions necessary for the in situ method of 

functionalization.  
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Figure 2.2. Room temperature UV-Vis spectra of (a) 7.125 μM TTP-PO3 in DI water and (b) 

50% 7.125 μM TTP-PO3 in DI water and 50% phosphoric acid.  

 

 

2.4.3 Morphological Characterization by SEM 

SEM quantified the homogeneity of the GaN powder. Images, such as those seen in 

Figure 2.3, show that the aggregate size of the GaN powder varies widely and the overall 

surface holds little homogeneity. SEM was also used to probe for evidence of aggregation of 

organic contamination and TTP-PO3. We observed that the powder was free of organic 

particulates from environmental contamination. The overall aggregate size was recorded to 

be dissimilar in various batches and ranged from less than 1 μm up to sizes greater than 5 

μm. For this study, uniformity of the particulates making up the powder was not a concern as 

the binding at the GaN powder interface was the primary focus. The aggregates appeared 

amorphous with no consistent shared geometry shapes, which led to the conclusion that the 

aggregate composition was heterogeneous.  
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Figure 2.3. SEM image of GaN powder showing the size and heterogeneity of aggregrates 

within the powder. Scale bar is 5 μm.  

 

 

2.5 Surface Characterization 

2.5.1 X-Ray Photoelectron Spectroscopy 

XPS was utilized to confirm successful attachment of TTP-PO3 to the GaN powder. 

Multiple survey and high-resolution regional scans were collected following cleaning, 

etching, and functionalization. In the samples that underwent etching, the presence of a P 2p 

peak was expected due to residual phosphonic acid groups on the surface. The collection of C 

1s spectra provides a calibration technique as well as probing mechanism into TTP-PO3.
62

 

However, the adventitious carbon peak lies in close proximity with the expected peak for the 

porphyrin (285.0 eV). The Ga 2p region was collected to determine the presence of specific 

gallium species on the surface. These regional scans offer evidence of oxide species, Ga2O3 

and other sub oxides, forming on the surface.
18
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 A peak centered near 1120 eV was present in the survey scan for each of the samples. 

This peak was attributed to gallium content from both the powder and surface oxide seen 

within the Ga 2p spectra. Another peak near 530 eV, again recorded in the survey scans for 

all three types of samples, indicates the presence of oxide groups on the surface as seen from 

the O 1s region.  In accordance with the identification of gallium, the peak centered near 400 

eV confirmed presence of nitrogen, which is as expected and was observed within the high 

resolution N 1s spectra. A peak centered near 135 eV was present for the etched only GaN 

powder, as well as the etched and functionalized GaN powder, which was distinctly absent 

for the cleaned powder. This peak was attributed to P 2p as a result of etching and 

functionalization. For all three types of samples, carbon contamination was present and 

verified due to the emergence of a peak centered at 284.8 eV.  

 The high-resolution regional scan of Ga 2p was used to determine the nature of the 

gallium species on the surface of the samples. The Ga 2p spectra is preferred over the Ga 3d 

spectra for high resolution scans for its lower kinetic energy of radiation, therefore providing 

higher surface sensitivity.
63

 Casa XPS was used to analyze and fit the data. For all three 

samples, a peak was present and centered near 1118 eV which was attributed to the Ga-N 

bonding expected on the surface.
64

 Each sample contained a species centered near 1116 eV 

which was due to Ga-Ga bonding near the surface.
65

 The species present for each sample 

near 1119.75 eV was attributed to Ga2O3.
64

 The existence of sub oxide species such as Ga2O, 

GaO, GaOOH and GaO2 can be verified by peaks found at 1118.5 eV.  
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Figure 2.4. Ga 2p regional XPS spectra of (a) clean GaN powder, (b) clean, etched GaN 

powder, and (c) functionalized GaN powder. 

 

 

 The ratio of gallium species recorded in the spectra provided information about the 

nature of the gallium on the surface of the samples. In the clean GaN powder the presence of 

sub oxide species was not evident from the data. The percent area of Ga2O3 in the Ga 2p peak 

of the clean GaN powder was 11.43% and the percent area of Ga-N was 82.08%. In the 

etched only sample of GaN sub oxide species were a significant portion of the peak. The 

percent area of Ga2O3 was 20.12%, of sub oxides was 67.51% and of Ga-N was 8.69%. In 

the functionalized samples of GaN powder the percent area of Ga2O3 was 20.69%, of sub 

oxide species was 45.46% and of Ga-N was 31.11%. As expected, the etching process shows 

evidence of the production of oxide and sub oxide species in the GaN powder samples that 

were used.  

 The peak centered near 285 eV was attributed to C 1s and was used for calibration of 

the data in Casa XPS. The C 1s peak was analyzed and for each sample, and the existence of 
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two species contributing to this peak was evident. The species with the lowest binding energy 

was attributed to adventitious carbon and was calibrated to 284.8 eV.
66

 The atmospheric 

contamination of samples with hydrocarbon molecules was evident due to the C 1s spectra. 

The presence of a species near 286 eV in the fitted peak can be contributed to the C-N bond 

present in the porphyrin.
63

 Due to the powder nature of the samples, the ability to distinguish 

between peaks in this region was difficult.  

 

Figure 2.5. C 1s regional XPS spectra of (a) clean GaN powder, (b) clean, etched GaN 

powder, and (c) functionalized GaN powder. 

 

 

 Evidence of the phosphoric acid used for etching was gathered from the emergence of 

a P 2p peak centered near 135 eV. A high-resolution scan was performed to investigate 

whether this peak was only present in the samples that were etched. The functionalized 

sample would be expected to have a peak in this region both due to the phosphoric acid as 

well as the phosphonic groups that are present on the porphyrin molecule. As expected, the 
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clean GaN powder showed no peak in the P 2p high resolution scan and both the etched and 

functionalized powder samples exhibited peaks in this region.  

 

Figure 2.6. P 2p regional XPS spectra of (a) clean GaN powder, (b) clean, etch GaN powder, 

and (c) functionalized GaN powder. 

 

 

 The presence of a peak attributed to amine and amide groups can be deduced from 

analysis of N 1s spectra.
40

 Macquet et al. investigated porphyrins without metal centers.
67

 

The expected value of the binding energies of the N 1s peaks was reported to be 400 and 398 

eV. The calibration method used may account for differences in less than 1 eV. The N 1s 

peaks of thin film porphyrins were studied by Sarno et al.
68

 The presence of a peak centered 

at around 400 eV for a porphyrin salt was reported by Silipigni et al.
62

 All high-resolution 

data collected in the N 1s region of the functionalized samples showed evidence of charging. 

The etched and clean GaN powders both contained three species within the single N 1s peak, 

while the functionalized powder contained an additional peak at higher binding energy. The 

peak at this binding energy was attributed to a single species. For each sample, the N 1s peak 
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that is attributed to N-Ga bonding was used for calibration because it is present in all 

samples. This peak is present close to 397 eV and was calibrated to 397.3 eV to account for 

the charging.
58

 The spectra of all three samples are shown in Figure 2.4. Due to the Al Kα 

source used with the XPS instrument, there was an overlap between the Auger peaks of the 

Ga and the N 1s peaks. The Ga Auger peaks (LMM 1 and LMM 2) were present at lower 

binding energy than the N-Ga peak for each sample, around 395.4 and 392.1 eV. The 

functionalized sample contained a species centered near 400.8 eV, which was not present in 

any of the other samples. The presence of the amine groups found on the TTP-PO3 

contributes to this peak and provides evidence that the GaN was successfully modified with 

the porphyrin derivative. 

 

Figure 2.7. N 1s regional XPS spectra of (a) clean GaN powder, (b) clean etched GaN 

powder, and (c) functionalized GaN powder. Peak assignments are displayed with the peak 

near 400.8 eV present only in the functionalized powder. 
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2.5.2 Infrared Spectroscopy 

FT-IR signatures of GaN powders have been studied by a number of research groups. 

For example, Baraton and Gonsalves investigated the infrared spectra of both aluminum and 

gallium nitride for nanostructured powders.
69

 The synthesis of GaN nanowires was 

successfully accomplished by Wei and Shi, and evidence for this was gathered by FT-IR.
70

 

Shi and Xue obtained FT-IR spectra for the determination of suitable growth conditions for 

GaN nanowires.
71

 This prior work has presented evidence of two strong peaks near 560 cm
-1

 

and 610 cm
-1

. The band at 560 cm
-1

 is attributed to the bond between gallium and nitrogen 

stretching in the material.
71

  

 Prior work on nanostructured GaN demonstrated high levels of uniformity and 

homogeneity. The samples in this study possess low homogeneity due the milling method 

utilized for their preparation. Xiao et al. examined GaN powders
72

 and reported a broad peak 

located between 500 and 700 cm
-1 

and discussed its varied position following different 

treatment temperatures. A second, smaller peak was found near 1630 cm
-1

 that corresponded 

to GaN powder. A third, medium sized peak resided near 3410 or 3420 cm
-1

,
 
the location of 

which depended on experimental parameters. The complexities involved in determining 

specific peak assignments for GaN have been previously examined in the literature.
69

 

Additionally, a broad peak near 2100 cm
-1

 was assigned to Ga-H due to a nitrogen vacancy 

previously discussed by others.
73

  

 The two pellets with clean and functionalized powder were expected to show peaks 

consistent with the presence of GaN whereas the pellet with just the porphyrin powder was 

expected to show an absence of these peaks. Spectroscopic investigations into porphyrin 
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molecules by Ogoshi et al.
74

 reported theoretically calculated FT-IR peaks and assigned them 

based on the stretching or bending modes of the molecules. Santiago et al. gathered FT-IR 

data between 1800 and 400 cm
-1

 for an iron porphyrin under various pH conditions.
75

 The 

spectra contain various common species at expected wavenumbers including large peaks near 

1650 cm
-1

 and 1000 cm
-1

. The peak near 1000 cm
-1

 was attributed to the stretching mode the 

P-O bond. A peak present near 1650 cm
-1

 was attributed to the stretching modes of the bond 

between the ring structure carbons and nitrogen within the porphyrin.
74

 Brennan et al. 

performed various spectroscopy techniques to compare functional groups for porphyrin 

attachment to TiO2.
60

 The FT-IR spectra that were obtained for the iron porphyrin under 

different pH environments showed the same peaks hear 1650 and 1000 cm
-1

.  

 In all of our FT-IR characterization there was clearly evident peak broadening due to 

the non-homogeneity of the aggregates in the powder. A broad peak resided near 550 cm
-1

. 

This peak is consistent with previously reported data that attributed its existence to the Ga-N 

bond stretching mode within the crystals.
71

 A small, broad peak was evident near 2100 cm
-1

 

as well, confirming GaN purity via stretching mode of hydrogen present in a nitrogen 

vacancy within the powder.
73

 Figure 2.5 confirms the two characteristic peaks of GaN 

through the broad peak near 550 cm
-1

 and the small peak near 2100 cm
-1

 for cleaned GaN 

powder. The presence of porphyrin was seen with a peak residing near 1000 cm
-1

 present 

only on functionalized GaN powder. The peak at 1000 cm
-1

 is attributed to the P-O-H 

bonds.
60

 Additionally, a peak present near 1450 cm
-1

, attributed to the stretching of the C-N 

bond within the porphyrin ring, as well as a strong peak 
74

 near 1650 cm
-1 

for C=N stretching 

mode within the porphyrin ring were recorded.
75
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Figure 2.8. FTIR regional scan between 3000 and 1200 cm
-1

 of KBr mixed with (a) 

functionalized powder and (b) TTP-PO3. 

 

 

2.5.3 Stability Testing Using Fluorescence Spectroscopy 

By utilizing a porphyrin adsorbate, the naturally strong fluorescent signal can be used 

to confirm successful functionalization both pre and post soaking following the in situ 

procedure. The fluorescence spectra of porphyrin molecules have been well studied in 

previous literature. Typically, porphyrin molecules possess distinct Soret bands near 430 nm 

as well as two Q-band peaks near 550 and 590 nm. 
60

 Emission peaks are expected near 620 

and 670 nm as well. The spectral sweep used in this work started at 550 nm and moved to 

higher wavelengths, meaning the useful peaks which would be expected to be present and 

easily observed would be the emission peaks near 620 and 670 nm.  

Typical fluorescence data gathered throughout our study is displayed in Figure 2.6. 

The 7.125 μM solution of TTP-PO3 in DI water was used to provide a point of reference for 
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investigating the presence of the porphyrin in other solutions. In order to investigate and 

compare this to the fluorescence of the functionalized sample, it was mixed with DI water 

and sonicated in order to disperse the powder particles of the sample. The two spectra were 

compared and expected to possess the same signature peaks. The difference in concentration 

of the two solutions as well as the nature of the solution (loose modified GaN powder vs. 

dissolved porphyrin molecules) accounts for changes in intensity of the characteristic peaks. 

A small peak centered near 610 nm was seen in the shadow of an overwhelming peak at 690 

nm for TTP-PO3 in water. The spectrum of the sonicated solution of the modified GaN 

powder showed peaks in the expected positions supporting the notion of successful 

functionalization of the semiconductor surface.  

A sample of the functionalized powder was left under ambient temperature and 

humidity in DI water for a period of 20 days to test for any possible porphyrin leaching in 

solution. The degree of stability was assessed by measuring the amount of any porphyrin 

dissolved in the water solution. We note that the powder exhibited the same characteristics 

shown in Figure 2.6 (b) even after the water soak. The soaking solution containing the 

functionalized powder was centrifuged in order to separate the particulates. Presence of 

leached TTP-PO3 into solution would produce the characteristic porphyrin signature. The 

spectrum of the soaking solution shows no peaks at the expected wavelengths of 610 and 690 

nm as seen in Figure 2.6 (c). The absence of these peaks supports the assessment that TTP-

PO3 did not desorb from the GaN surface and dissolve into the water solution. This, in turn, 

provides evidence that the binding between the porphyrin and GaN is stable for at least 20 

days within an aqueous environment.  
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Figure 2.9. Fluorescence spectroscopy spectra of (a) 7.125 μM solution of TTP-PO3 in DI 

water, (b) sonicated solution of functionalized powder in DI water, and (c) wash of 

functionalized powder in DI water after 20 days. 

 

 

2.6 Conclusion 

 In conclusion, the attachment of a porphyrin derivative to GaN powder was 

performed using an in-situ functionalization procedure. XPS analysis confirmed the existence 

of amine groups on the modified GaN powder. The presence of C-N and C=N peaks in the 

FT-IR spectrum of the functionalized powder provided further evidence for the attachment of 

the porphyrin to the semiconductor surface. The stability of the bound porphyrin to the GaN 

interface was tested for a period of 20 days in water solution. No desorbed porphyrin was 

detected after the soaking period. We attribute this stability in solution to the covalent 

attachment of the porphyrin to the GaN powder surface. Future studies will focus on 

additional porphyrin derivatives containing metal centers due to their potential to enhance the 

optoelectronic properties of GaN. 
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3.1 Abstract 

The surface attachment of a porphyrin dye to nanocrystalline GaOOH was performed 

using two routes of solution based functionalization. The first method of functionalization 

utilized an in-situ incorporation of dissolved porphyrin salt in solution during the microwave 

synthesis step.  Additionally, synthesized GaOOH nanorods were mixed in porphyrin 

solution after the microwave process to make an ex-situ GaOOH/TTP-PO3. X-Ray 

Photoelectron Spectroscopy confirmed the presence of expected surface species and provided 

evidence of increased surface coverage of TTP-PO3 on GaOOH in the ex-situ GaOOH/TTP-

PO3 as compared to the in-situ one. Size and morphology changes were investigated using 

SEM and, along with analysis of XRD, the in-situ samples showed larger crystallite sizes. 

This was confirmed with PL due to the higher bandgap energy evident in the ex-situ 

GaOOH/TTP-PO3 compared to the in-situ sample. A stability study was performed using 

Fluorescence Spectroscopy which indicated no leaching of porphyrin from the in-situ 

GaOOH/TTP-PO3. However, porphyrin leaching was evident from the ex-situ GaOOH/TTP-
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PO3 sample.  The stability of the in-situ GaOOH/TTP-PO3 makes it attractive for a number of 

interfacial applications. 

3.2 Introduction 

The use of wide bandgap semiconductor materials as optoelectronic platforms for 

attaching functional organic molecules shows great promise for various applications ranging 

from biomedical to green energy.
76

 Gallium oxyhydroxide (GaOOH) is an inorganic material 

with a bandgap of 4.75 eV. GaOOH is of particular interest for semiconductor research due 

to its nature as a precursor for both gallium oxide
13

 (Ga2O3) and gallium nitride (GaN).
14

 

Performing solution based functionalization of GaOOH with phosphonic side group 

containing molecules is inherently simple due to the surface oxide layers present in the 

material. The surface attachment of dye molecules to wide bandgap semiconductors can 

potentially find applications in solar cell research including dye-sensitized solar cells 

(DSSCs)
26

 as well as imaging and biosensing.  A substantial amount of research has focused 

on the use of several wide bandgap materials such as TiO2
21

 and ZnO.
77

 There is a need for 

exploring alternative wide bandgap semiconductors with higher electron mobility than TiO2
26

 

and better interfacial stability than ZnO.
78

  

Nanostructured materials are especially attractive for surface functionalization due to 

the high surface area available for the immobilization of organic molecules.
21

 The high 

surface area to volume ratio also is useful in enabling high photocatalytic activity of the 

nanostructured material.
79

 Ga2O3 nanowires have been functionalized for sensing 

atmospheric hydrocarbons.
80

 Nanoribbons of β-Ga2O3 with various adsorbed organics were 

studied to determine surface coverage and hydrogen bonding effects on surface binding.
81
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The functionalization of Ga2O3 nanowires with pyruvic acid was studied for capacitance-

based gas sensing.
82

 

The fabrication of GaOOH nanostructures has been investigated using various 

methods and precursor materials. Using gallium nitrate (Ga(NO3)3) and various additives, a 

microwave-assisted method has been used to form GaOOH nanorods,
83

 along with a 

hydrolysis method in the presence of lanthanide ions
84

 and a calcination reaction with sodium 

carbonate.
85

 Ga(NO3)3 was also utilized with a sodium hydroxide (NaOH) titration and 

hydrothermal treatment to form GaOOH nanostructures,
86

 with a sodium doceyl benzene 

sulfonate surfactant
87

 and in the presence of no surfactant.
88

  Hydrothermal treatment of 

GaCl3 in the presence of urea was performed to make various nanostructured GaOOH 

crystals with diamond-like cross sections
89

 and ultrasound radiation sonication on GaCl3
90

 in 

a benzene saturated solution
91

 produced GaOOH nanostructures. The growth of α-GaOOH as 

well as iron oxyhydroxide in various concentrations using an alkaline precipitation reaction 

has been reported.
92

 A high pressure phase, β-GaOOH, was synthesized using a high-

pressure chamber.
93

 The synthesis of GaOOH nanorods from ball-milled GaN powders was 

done to make GaOOH particles ranging in size from 10 to 80 nm.
94

 Room temperature 

synthesis of GaOOH nanostructures was accomplished by Kisailus et al.
95

  To the best of 

knowledge, no prior studies have attempted to modify the nanostructured inorganic material 

with organic adsorbates in solution. 

In this study we report the synthesis and surface attachment of GaOOH nanorods with 

a porphyrin dye using two methods: an in-situ route and an ex-situ process where the 

nanostructures were submerged in porphyrin solution after synthesis. The use of subsequent 
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characterization techniques provided a comparison between the two functionalization 

methods. The microwave synthesis technique
96

 was chosen due to the ease of preparation 

using solutions with just DI water and the reactants. X-Ray Diffraction (XRD) scans were 

evaluated to assess the crystallinity of the product after various processing techniques. The 

morphological properties of the nanostructures were investigated using Scanning Electron 

Microscopy (SEM). Photoluminescence (PL) Spectroscopy was used to investigate the effect 

of the presence of the dye on the luminescent properties of GaOOH. The properties of the 

interface between the dye and semiconductor were investigated with XPS and the stability of 

the functionalized nanostructured materials was tested using Fluorescence Spectroscopy.  

3.3 Materials and Methods 

3.3.1 Microwave Synthesis and Functionalization  

The gallium nitrate hydrate powder and sodium hydroxide were obtained from Sigma 

Aldrich. Solutions of 0.1 M Ga(NO3)3 and 5 M NaOH were made with deionized (DI) water 

(18.2 MΩ*cm). The NaOH solution was added drop wise to the Ga(NO3)3 solution until a pH 

of 8 was reached. The resultant solution was placed in a CEM Discover LabMate microwave 

reaction vessel. The instrument was set to a maximum power of 200 W, the temperature was 

set to 120˚C and the reaction was programmed to run for 20 minutes. Prior to being left 

overnight to dry in an oven, the samples were washed with DI water and filtered. One sample 

was placed in the oven without performing the DI wash or filtration step.  

The in-situ GaOOH/TTP-PO3 samples were synthesized using the same procedure 

except the Ga(NO3)3 was added to a solution of 7.125 µM meso-tetra(4-

phosphonomethylpheny) porphine tetrasodium (TTP-PO3) salt (Frontier Scientific) in DI 
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water before the drop wise titration with NaOH. To produce the ex-situ GaOOH/TTP-PO3, 

some of the filtered GaOOH product was added to a solution of 7.125 µM TTP-PO3 in a 

centrifuge tube and left mixing on a rocking platform for 24 hours. The resulting product was 

washed with DI water and filtered and left to dry overnight in a dessicator. 

3.3.2 Characterization 

 The SEM used was a FEI Verios 460L Field Emission SEM. The detector on the 

instrument was a concentric higher energy electron detector for each of the images taken. 

The clean GaOOH sample was imaged at a working distance of 6.1 mm with a stage bias of 

1500 V. The current was set to 50 pA and the voltage was 2.00 kV. The ex-situ 

GaOOH/TTP-PO3 was imaged at a working distance of 7.0 mm with a stage bias of 1200 V. 

The current was set to 0.20 nA with a voltage of 2.00 kV. The ex-situ GaOOH/TTP-PO3 was 

imaged at a working distance of 6.8 mm with a stage bias of 1300 V. The current was set to 

50 pA and the voltage was 2.00 kV. 

 XRD analysis was done using a Rigaku SmartLab X-Ray Diffractometer. A Cu Kα x-

ray source was used with a voltage of 40 kV and a current of 44 mA. The powder diffraction 

was done with Bragg-Brentano optics. All scans were collected from 2 of 10 degrees to 80 

degrees. A step size of 0.05 degrees was utilized for a scan time of 2 seconds and a resolution 

of 0.0002.  

 The PL data was obtained to determine the optical properties of each sample 

submersed in DI water in quartz cuvettes. A homemade optical bench top setup with a 193 

nm Coherent Xantos XS Argon Fluoride Eximer laser was used to excite the samples. 

Various lenses were utilized and aligned to collimate and focus the beam onto the samples.  
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The samples contained in the quartz cuvettes were mounted on the optical table. A UV 

enhanced CCD connected to a fiber optic cable was used as a detector to collect data. 

Analysis and acquisition of the data was performed using LightField software, manufactured 

by Princeton Instruments. The data was normalized and analyzed using Orgin 9.0 to 

determine peak positions.  

 The XPS data was obtained with a Kratos Analytical Axis Ultra XPS. A 

monochromated Al Kα (energy of 1486.7 eV) X-ray source was employed in all 

characterization with a 2.0 A filament charge neutralizer in order to reduce the effects of 

charging. The sample chamber pressure was maintained at 3.0 x 10
-8

 Torr. All samples were 

mounted to an aluminum sliding sample holder with double sided copper tape. A survey scan 

was collected for each of the samples with a pass energy of 160 eV. High resolution regional 

scans of C 1s, O 1s, Na 1s, P 2p, Ga 2p, Ga 3d and N 1s were obtained with a pass energy of 

20 eV. Casa XPS Version 2.3.12.8 was utilized to fit the peaks and determine atomic 

percentages of each sample from the survey scans. Background subtraction was done using a 

Shirely approximation and all peaks were calibrated by setting the adventitious carbon C 1s 

peak to 284.8 eV. The full width at half-maximum of the deconvoluted peaks was 

constrained to the primary peaks using a Lorentzian fit.  

The fluorescence stability data was taken on a home-built system with a 455 nm 

excitation wavelength. The intensity of the LED was set to 100 %. All of the data obtained 

was plotted and analyzed with Origin 9.0. 
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3.4. Results and Discussion 

3.4.1 Synthesis and Functionalization with Porphyrin Dye 

The method of using microwave synthesis
96

 to produce GaOOH nanorods was chosen 

over an autoclave technique
97

 due to the ease of preparation with DI water as the only 

solvent. The porphyrin dye TTP-PO3 was chosen for functionalization because of its water 

solubility as well as the assumption that the phosphonic groups provided a means of 

attachment to surface oxides for increased stability. The possible mechanism of GaOOH 

nanorod formation from Ga
3+

 ions in the presence of water has been explored. There exist 

many possible chemical routes for GaOOH nanorod synthesis, dependent on the precursor 

ion, as well as a mechanism which relies on metallic Ga.
90

 The following reaction was 

described by Avivi et al.
90

   

Ga
3+

 + 2 H2O ↔ GaOOH + 3 H
+ 

 The synthesized GaOOH material was white with a flake like consistency following 

the filtration and drying process. The SEM image of the clean GaOOH is displayed in Figure 

3.1(a). The GaOOH is heterogeneous in nature with both nanorod like features as well as 

other nanocrystallite particles. The nanocrystallite and nanorod structures varied in size with 

the lengths of the nanorods being from around 40 nm to as large as 100 nm. The nanorods 

that were formed did not seem to have a preferred direction and were randomly ordered in 

the sample.  

The surface modification of semiconductor surfaces with a sensitizing agent such as a 

porphyrin dye has many applications in biosensing and optoelectronic devices. Investigating 

the surface interaction between the two molecules provides insight into the environmental 
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stability and the effect of the functionalization on the properties of the semiconductor. The 

use of porphyrin as a sensitizing agent for semiconductors was explored by Brennan et al.
60

 

Porphyrin dye was used to produce a DSSC with TiO2 with a conversion efficiency of 3%.
59

 

In previous work with solution based functionalization on GaN, an etchant was required to 

produce a controlled oxide layer for phosphonic group attachment.
1
  A particular advantage 

of the sensitization of GaOOH is the native presence of this oxide layer so no additional and 

harmful etchant is required to attach a soluble dye to the semiconductor surface.  

The inclusion of TTP-PO3 with the GaOOH nanorods in this work was done through 

two different methods to compare and contrast the various property modifications that 

occurred. The first functionalization method that was followed was a simple soaking 

procedure after the microwave synthesis of the nanostructured GaOOH. This sample is 

referred to as ex-situ due to it being processed outside of the original reaction. The samples 

were filtered to remove any unreacted nitrate then left rocking overnight in a solution of DI 

water and porphyrin. The native oxide layer present on the GaOOH provided a means of 

attachment for the phosphonic groups on the porphyrin dye. The resulting solid solution was 

filtered and dried and after this was a vibrant green color (Figure 2). 

 SEM images of the ex-situ GaOOH/TTP-PO3 samples were inspected to determine 

the effects of the functionalization on the structure. The image obtained is displayed in 

Figure 1(b). These samples had the same nanorod and nanocrystallite structures as well as 

similar length distributions as the original, clean GaOOH.  The SEM image provides 

evidence that the ex-situ functionalization process has no effect on the size and shape of the 
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nanocrystallites, suggesting a simple adsorption of the TTP-PO3 onto the GaOOH 

nanocrystalites.  

 

Figure 3.1. SEM images of (a) clean GaOOH nanorods, (b) ex-situ GaOOH/TTP-PO3 and (c) 

in-situ GaOOH-TTP/PO3. 

 

 

 In order to facilitate an even simpler, faster and more environmentally friendly 

approach, the second method was a one-step solution based in-situ functionalization and 

synthesis. Along with the precursor materials Ga(NO3)3 and NaOH, the TTP-PO3 was added 

to the reaction mixture. The remaining solid product from the microwave process was 

washed with DI water, filtered and dried overnight. The solid was a pale yellow color and 

resembled the flake like structure of the clean GaOOH. The following is a modification of 

the original chemical equation to account for the presence of porphyrin. 

Ga
3+

 + 2 H2O + TTP-PO3 ↔ GaOOH/TTP-PO3 + 3 H
+
 

 An SEM image was obtained to explore the effect the presence of TTP-PO3 had on 

the size and structure of the nanocrystallites. The rods formed during the in-situ process were 

noticeably larger than the clean GaOOH, with lengths that ranged from 40 to 400 nm. The 

shapes and sizes were heterogeneous in nature with the general rod-like shape remaining 
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fairly consistent among the particles. As in the other two samples, no preferred orientation is 

evident in the rod structures.  

 

Figure 3.2. Scheme depicting the covalent interaction between TTP-PO3 and the GaOOH 

nanorods pictured in the SEM image. 

 

 

All three samples were used for XRD and XPS measurements and then submerged in 

DI water for various other measurements. The flake-like powders displayed varying degrees 

of color, which was especially evident in the DI water solution. Figure 3.2 shows all three of 

the samples with a safety laboratory glove as a background. The clean GaOOH was a bright 

white color with a lack of any other colors present in the sample. The in-situ GaOOH/TTP-

PO3 sample was a pale yellow color and the ex-situ GaOOH/TTP-PO3 sample was a bright, 

vibrant green color which is visible in the image. The difference in coloration of the two 

functionalized samples suggests an increase in the amount of porphyrin on the surface of the 

ex-situ sample when compared to the in-situ sample. 
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Figure 3.3. Optical photograph of the clean GaOOH, in-situ and ex-situ GaOOH/TTP-PO3 

submerged in DI water in quartz cuvettes. 

 

 

3.4.2 Crystallographic Characterization with XRD 

In order to investigate the crystalline qualities of the product formed and any effect 

either method of functionalization had on it, XRD spectra were obtained. The samples used 

were packed on a glass slide and analyzed using Bragg-Brentano powder diffraction. 

Differences in peak intensities for various crystallographic orientations were attributed to the 

heterogeneity of each sample. The original product was left unfiltered to probe for the 

presence of leftover nitrate. This sample was then filtered and an XRD spectrum was 

obtained to ensure that the process removed any unreacted precursor Ga(NO3)3 or NaOH. 

Beyond the discussion of the XRD data any mention of clean GaOOH refers to this filtered 

sample.  
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Figure 3.4. XRD spectra of the various GaOOH containing samples along with the Ga(NO3)3 

precursor material. Assignments were made to peaks based on crystallographic orientation. 

 

 

 The Scherrer equation can be used to measure submicron grain sizes with XRD 

patterns. Materials with a high level of defects have a large number of other factors which 

lead to peak broadening; however it is reasonable to use the Scherrer equation to qualitatively 

compare average crystallite size of different materials. Although the discussion in this study 

will be limited to a qualitative comparison, it is important to note that line broadening is a 

function of both sample broadening and instrumental broadening. The crystallite sizes 

measured will still contain instrumental effects and are, again, only used as a method of 
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qualitatively comparing the two sizes. Based on previous results with this microwave 

method, the grain sizes expected will be in the submicron range. It is of interest, then, to 

investigate the broadening of the X-ray peaks found in the XRD patterns for each sample 

measured. The equation used in determining submicron crystallite size with XRD peak 

broadening is
98

 

   
  

     
 

where λ is the wavelength of radiation (for Cu Kα, λ = 1.540562 Å), K is a constant 

(estimated to be 0.9), θ is the diffraction angle, D is diameter of the crystallites and B is the 

full width at half-maximum (FWHM) of the diffraction peak. 

 The XRD patterns of unfiltered and filtered GaOOH, in-situ and ex-situ 

GaOOH/TTP-PO3 and the precursor material Ga(NO3)3 are shown in Figure 3.4. All spectra 

were normalized to the (101) peak except Ga(NO3)3 which was normalized to the (331) peak. 

Both the ex-situ and in-situ XRD patterns matched with a previously reported spectrum of 

GaOOH.
99

 Peak assignments were made based on crystallographic orientation. The spectrum 

of the precursor material also matched with a previously reported spectrum of Ga(NO3)3.
100

 

Evidence of unreacted nitrate was present in the spectrum of the unfiltered GaOOH. After 

filtration, the spectrum was indicative of the removal of any unreacted nitrate with the 

apparent removal of the (131) peak of the nitrate. 

 The FWHM for the most distinct peaks in the three materials containing GaOOH 

nanocrystallites was selected to calculate crystallite size. The peak for the (hkl) of (101) is 

the most intense for each sample and the peak at (301) is the second or third most intense, 
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based on the sample. It would be of interest to use three peaks for the Scherrer equation to 

determine crystallite size; however the spectrum of the three samples does not contain a 

reasonable third peak to measure. The calculated crystallite size is meant to be qualitative in 

nature and used only as a means to compare sizes between samples, making the lack of a 

third peak inconsequential.   

Table 3.1 displays the calculated FWHM and crystallite sizes for the clean, filtered 

GaOOH and the in-situ and ex-situ GaOOH/TTP-PO3 samples. The qualitative crystallite size 

of clean GaOOH and ex-situ GaOOH/TTP-PO3 were within 1 nm for each peak and the 

average values were within 0.1 nm of each other. The process of introducing the GaOOH 

sample to a porphyrin solution and rocking it overnight seems to have little to no effect on 

the size of the crystallites. This confirms the theory that the porphyrin is only surface bound 

on the ex-situ GaOOH/TTP-PO3 samples with little bulk interaction to the nanostructured 

GaOOH.  The qualitative crystallite size of the in-situ GaOOH/TTP-PO3 was found to be the 

highest of the three samples, with the average size being over 4 nm larger than the other 

samples. 

Table 3.1. FWHM of the peaks used and the qualitative crystallite sizes calculated from 

them. 

 FWHM 

of (101) 

(radians) 

Qualitative 

Crystallite 

Size (nm) 

FWHM 

of (301) 

(radians) 

Qualitative 

Crystallite 

Size (nm) 

Average 

Qualitative 

Crystal Size 

(nm) 

clean GaOOH 0.00512 27.6 0.00499 29.0 28.3 

ex-situ 

GaOOH/TTP-PO
3
 

0.00499 28.3 0.00515 28.1 28.2 

in-situ 

GaOOH/TTP-PO
3
 

0.00415 34.0 0.00460 31.5 32.8 
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3.4.3 Optical Properties 

Photoluminescence (PL) Spectroscopy is especially useful when characterizing 

semiconductors functionalized for optoelectronic applications. The attachment of an optically 

active molecule, such as a porphyrin, to a semiconductor platform enhances the luminescent 

properties and allows for tunability of optoelectronic properties of the semiconductor. The 

use of PL in this experiment provides two specific pieces of information for the synthesized 

samples. One is the effect of the incorporation of the TTP-PO3 on the surface or within the 

GaOOH nanostructures on the PL properties. Any peak shifting or changes in peak shape 

will provide evidence of the changes in PL properties that occur when the surface properties 

are altered due to molecular attachment. Second, any peak shifting to different energy levels 

can be compared to the XRD data which qualitatively provided a comparison of crystallite 

sizes of the various materials. A blue-shift is known to be indicative of smaller crystallite 

sizes in PL due to the increase in bandgap. The shift in PL for GaN nanowires compared to 

bulk samples has been previously reported.
101

 

 Figure 3.5 shows the PL spectra of the clean GaOOH, the ex-situ and in-situ 

GaOOH/TTP-PO3 and a dilute TTP-PO3 solution. All spectra were normalized to the peaks 

with highest intensity. Previous work with PL of GaOOH nanostructures indicated a peak at 

367 nm.
102

  The dilute TTP-PO3 solution and the clean GaOOH were used as reference 

spectra to investigate the effects of the crystallite sizes and the incorporation of the dye on 

peak position. Peaks found at integral multiples of 193 nm are attributed to the laser, and in 

some cases this affected the shape of the characteristic peak of the material. Two intense 
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peaks near 650 and 705 nm in the TTP-PO3 spectrum, a peak near 300 nm and a broad peak 

centered around 440 nm were observed. The intense peaks are consistent with the peak found 

using fluorescence spectroscopy, however the increased sensitivity of the PL detector 

allowed for the detection of two peaks as opposed to one large, broader peak. The spectrum 

of clean GaOOH contained a peak centered near 320 nm with a large shoulder consistent 

with the presence of defects in the material.
103

 The close proximity of the GaOOH peak at 

320 nm and the TTP-PO3 peak at 300 nm is indicative of the ability to tailor optical 

properties of GaOOH with the porphyrin material.  

 

Figure 3.5. PL spectra of the dilute TTP-PO3 solution, clean GaOOH, and the ex situ and in 

situ GaOOH/TTP-PO3.  
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 The spectra of the in-situ and ex-situ GaOOH/TTP-PO3 materials provided 

information about the effect of porphyrin incorporation as well as crystallite size on the 

optoelectronic properties of GaOOH. SEM images and qualitative crystallite sizes calculated 

from the XRD data suggested that the in-situ GaOOH/TTP-PO3 contained crystallites which 

were larger in size than the ex-situ GaOOH/TTP-PO3. The ex-situ GaOOH/TTP-PO3 

contained a peak centered near 308 nm while the in-situ GaOOH/TTP-PO3 had a peak 

centered near 366 nm. This significant blue-shift is consistent with the smaller crystallite size 

of the ex-situ GaOOH/TTP-PO3 sample due to the higher band gap that is seen as crystallite 

size decreases in submicron materials. The shouldering in the in-situ GaOOH/TTP-PO3 

suggests the presence of a smaller peak near the 300 nm expected wavelength of TTP-PO3.  

 The peak in the ex-situ GaOOH/TTP-PO3 also blue-shifted from the clean GaOOH, 

although the reasoning for this is likely not crystallite size related since the SEM and XRD 

data suggested that both the samples had similar size distributions. The shift in the ex-situ 

GaOOH/TTP-PO3 is instead likely due to the presence of the porphyrin and suggests the 

tunability of the optical properties with the use of this functional molecule. The effect of 

adsorbate attachment on the photoluminescence properties has been extensively reviewed 

and summarized in a review paper by Seker et al.
104

  Hsu et al. demonstrated the shift of the 

position of the maximum peak from PL spectra of GaN nanowires due to silane 

attachment.
105

 The emission peak lies in between the peaks seen near 320 nm for clean 

GaOOH and 300 nm for TTP-PO3 in solution. When compared to the emission of the clean 

GaOOH, the ex-situ peaks contain significantly less shouldering as well. These observed 
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trends are likely due to the overlap of the bands of GaOOH and TTP-PO3 giving it added 

intensity centered between the two characteristic peaks of these materials.  

3.4.4 Surface Characterization by X-Ray Photoelectron Spectroscopy 

The use of XPS provided a surface sensitive technique to explore the attachment of 

TTP-PO3 to the GaOOH nanorods, the nature of oxide species on the surface of GaOOH and 

the effect of the different processing techniques. XPS of GaOOH nanoparticles
106

 and nano-

spindles
107

 has provided information about the surface species present on this type of 

material. Survey scans were obtained to investigate the elements present on each of the 

sample surfaces and high resolution regional scans were used to determine the nature of 

different types of bonding on each sample. Quantitatively, the overall atomic percentages of 

each element were determined with the survey scans and the N 1s and O 1s regional scans 

were fitted to determine the percent contribution of each species. The high resolution C 1s 

spectra provided information about the nature of carbon species on the surfaces of the 

samples and all spectra were calibrated by setting adventitious carbon to 284.8 eV.
66

 

 The samples that were measured using XPS included the precursor Ga(NO3)3 

material, the clean GaOOH, ex-situ and in-situ GaOOH/TTP-PO3 and the TTP-PO3 salt. In 

the survey scan of the Ga(NO3)3
 
 a peak was present near 284 eV which is attributed to C 1s. 

Other peaks present were located near 398, 532 and 1118 eV attributed to N 1s, O 1s and Ga 

2p, respectively. The clean GaOOH, ex-situ GaOOH/TTP-PO3 and in-situ GaOOH/TTP-PO3 

survey scans contained similar peaks attributed to C 1s, N 1s, O 1s and Ga 2p. In the survey 

scan of the TTP-PO3 salt peaks were present near 133, 284, 398, 532 and 1072 eV 

corresponding to P 2p, C 1s, N 1s, O 1s and Na 1s, respectively. Various other peaks were 
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present in the survey scans including Auger and other orbital level peaks; however the C 1s, 

N 1s, O 1s, Ga 2p, P 2p and Na 1s peaks were used to identify the percentage of atomic 

species for each of the samples.  

 Table 3.2 shows the atomic percentages of all elements present on the surface of each 

of the samples. The TTP-PO3 salt contained a small amount of Na and P which were not 

present in any other samples. Theoretically, the stoichiometric ratio of the TTP-PO3 salt is 

C48H38N4Na4O12P4. The absence of an appreciable P peak in the functionalized samples is 

attributed to the small atomic percentage of P in the TTP-PO3 material, which is assumed to 

exist as a small surface layer or in small percentages incorporated in the GaOOH. The high 

atomic percentage of C in the ex-situ GaOOH/TTP-PO3 is attributed to the porphyrin being 

present in high concentrations, solely on the surface, as opposed to the low atomic percentage 

of C in the in-situ GaOOH/TTP-PO3 where the porphyrin had the opportunity to incorporate 

within the nanocrystallites formed during the microwave process. Further evidence of the 

surface coverage of the ex-situ sample is found in the increased ratio of oxygen to gallium in 

these samples. A significant amount of the nitrogen content is attributed to unreacted 

nitrogen from the precursor material and was not used for comparing surface content of 

porphyrin.  
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Table 3.2. Atomic percentages of C, O, N, Ga, Na and P of the precursor Ga(NO3)3, the TTP-

PO3 salt, clean GaOOH and in-situ and ex-situ GaOOH/TTP-PO3.  

 

 C  O  N  Ga  Na  P  

Ga(NO3)3 53.4±4.

0 

32.9±2.4 11.5±1.3 2.25±0.44 - - 

TTP-PO3 Salt 75.5±1.

4 

17.18±0.2

1 

1.60±0.11 - 4.25±0.9

1 

1.48±0.2

2 

GaOOH 31.5±2.

0 

25.5±7.5 29.2±4.9 13.73±0.6

9 

- - 

in-situ 

GaOOH/TTP

-PO3 

13.1±1.

7 

32.45±0.9

2 

34.82±0.4

6 

19.55±0.4

6 

- - 

ex-situ 

GaOOH/TTP

-PO3 

66.5±1.

5 

19.04±0.1

3 

9.20±0.81 5.31±0.72 - - 

 

The ratio of specific surface atomic species to one another provided another means of 

investigating the nature of the sample surfaces. Table 3.3 shows the ratios of O to Ga, C to 

Ga and N to Ga for the precursor Ga(NO3)3, the clean GaOOH and the in-situ and ex-situ 

GaOOH/TTP-PO3. The Ga(NO3)3 precursor had the highest O to Ga ratio, which is expected 

since the material is a hydrate powder. The ex-situ GaOOH/TTP-PO3 had the highest O to Ga 

ratio of the synthesized products which is evidence of an increase in the presence of TTP-

PO3 on the surface when compared to the in-situ GaOOH/TTP-PO3. The C to Ga ratio was 

also the highest for the ex-situ GaOOH/TTP-PO3 in all of the synthesized materials which is 

further evidence of increased TTP-PO3 surface coverage on these samples. The N to Ga 

ratios remained relatively consistent throughout the synthesized samples.  
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Table 3.3. Atomic ratios of O to Ga, C to Ga and N to Ga for the precursor Ga(NO3)3, clean 

GaOOH and in-situ and ex-situ GaOOH/TTP-PO3  

 

 O/Ga C/Ga  N/Ga  

Ga(NO3)3 15.5±2.3 14.2±8.2 5.34±0.57 

GaOOH 2.294±0.038 1.10±0.64 2.11±0.25 

in-situ 

GaOOH/TTP-

PO3 

1.661±0.083 0.677±0.095 1.782±0.033 

ex-situ 

GaOOH/TTP-

PO3 

3.71±0.45 13.0±1.9 1.77±0.19 

 

The high-resolution regional scans provided information regarding the nature of the 

atomic species present on the surface of the samples. All spectra were normalized to the 

peaks with highest intensity. Figure 3.6 shows the N 1s, O 1s, C 1s and Ga 2p spectra of the 

various samples. By fitting the peaks to determine the spectral composition of the regions, 

conclusions can be made as to what species are present on each sample. The N 1s and O 1s 

spectra provided evidence of the presence of porphyrin on the surface of the functionalized 

species as well as the N 1s spectra showing the absence of the precursor nitrate material. The 

C 1s spectra contained the adventitious carbon peak at 284.8 eV which overlapped with any 

peak attributed to the TTP-PO3 (285 eV).
62

 The nature of gallium species for Ga(NO3)3, 

GaOOH and the ex-situ and in-situ GaOOH/TTP-PO3 was determined using the Ga 2p 

spectra.  

 The N 1s spectra of the Ga(NO3)3 was fitted into three separate peaks at 407.3, 398.6, 

395.4 eV which are attributed to nitrate species
66

, unconsumed (unreacted) N
108

 and Ga 
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LMM Auger peaks.
66

 The clean GaOOH sample contained two peaks in the N 1s spectra 

residing at 397.3 and 394.3 eV which were due to unreacted N and Ga LMM Auger peak. 

Fitting of the N 1s XPS data is especially useful for investigating the presence of pyrrolic 

nitrogens contained in porphyrin molecules.
109

 Peaks centered around 399 and 402 eV 

provided evidence of the presence of TTP-PO3 in the in-situ and ex-situ GaOOH/TTP-PO3. 

These peaks are attributed to the pyrolle N and the intense satellite peak, respectively.
110

 

These peaks are absent in the clean GaOOH sample which is indicative of no porphyrin 

being present on these samples. The spectra of these samples also contained the unreacted N 

and Ga LMM Auger peaks located at 397.0 and 394.1 eV. High concentration of nitrogen 

bonded to oxygen species can result in charging of the surface during the XPS experiment.  

One can observe evidence of this from the approximately 2 eV shift to higher binding 

energies of unreacted N and Ga LMM Auger peaks in Ga(NO3)3.  

 The O 1s spectra of the Ga(NO3)3 spectra contained one intense peak at 532.8 eV 

which contributed to over 90 % of the area in this region at 532.8 eV. This peak is attributed 

to the nitrate species while the smaller peak near 534 eV is attributed to the water within the 

sample. The O 1s spectra of the TTP-PO3 salt contained a peak in the same area (around 

532.9 eV) however this is attributed to the phosphonic groups on the porphyrin. The clean 

GaOOH sample contained two peaks residing at 531.2 and 532.5 eV which are attributed to 

the Ga-O and hydroxide (OH) species in the sample.
111

 Three peaks were present in the in-

situ and ex-situ GaOOH/TTP-PO3 samples with the Ga-O and OH peaks residing at the lower 

binding energies of 530.5 and 531.7 eV, respectively. The shifting to lower binding energies 
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for these peaks is attributed to the presence of a third peak near 533.0 eV, which is consistent 

with the existence of the phosphonic groups from the TTP-PO3.  

 
Figure 3.6. XPS spectra of the (a) N 1s of the precursor Ga(NO3)3, clean GaOOH, and the in 

situ and ex situ GaOOH/TTP-PO3, (b) O 1s and (c) C 1s of the precursor Ga(NO3)3, TTP-PO3 

salt, clean GaOOH, and the in situ and ex situ GaOOH/TTP-PO3 and (d) Ga 2p of the 

precursor Ga(NO3)3, clean GaOOH and the in situ and ex situ GaOOH/TTP-PO3. 

 

 

 Quantitative XPS analysis was done to determine the percent contribution of each 

species within the N 1s spectra of the samples containing GaOOH. This was done to examine 

the surface coverage of the porphyrin on the functionalized samples and determine whether 

there was a significant difference between the two methods. Three runs were used and 
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averages were taken with the error signifying the standard error of the measurements. 

Displayed in Table 3.4 is the percentage each species contributed to the N 1s spectra. The 

clean GaOOH sample contained an average of 87.85±0.67 % unconsumed N and 12.15±0.67 

% Ga LMM Auger peak. The in-situ GaOOH/TTP-PO3 N 1s peak consisted of an average of 

80.2±3.1 % unreacted N, 11.0±1.6 % Ga LMM Auger, 7.3±1.7 % pyrolle N and 1.48±0.22 % 

porphyrin satellite peak. The ex-situ GaOOH/TTP-PO3 N 1s peak consisted of an average of 

75.9±2.3 % unconsumed N, 11.7±1.4 % Ga LMM Auger, 8.3±1.1 % pyrolle N and 

4.11±0.73 % porphyrin satellite peak. There is no significant difference between the in-situ 

and ex-situ pyrolle N percentages; however there is a significant difference in the porphyrin 

satellite peak. This could be attributed to the low atomic percentage of N in TTP-PO3 

providing a low signal for analysis. In both cases however, the averages show a higher 

surface percentage of species consistent with the presence of TTP-PO3. When considered in 

conjunction with the increased C atomic percent of the surface of the ex-situ GaOOH/TTP-

PO3 this shows a possible increase in the surface coverage when using this method.  

Table 3.4. The contribution of environment N, Ga LMM auger, pyrolle and satellite N peaks 

in percentages of N 1s spectra of clean GaOOH, in-situ and ex-situ GaOOH/TTP-PO3. 

 

 Environmental 

N  
Ga LMM  Pyrolle N  Satellite  

GaOOH 87.85±0.67 12.15±0.67 - - 

in-situ 

GaOOH/TTP-PO
3
 

80.2±3.1 11.0±1.6 7.3±1.7 1.48±0.22 

ex-situ 

GaOOH/TTP-PO
3
 

75.9±2.3 11.7±1.4 8.3±1.1 4.11±0.73 
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The nature of the peaks in the O 1s spectra of the synthesized GaOOH containing 

samples was determined using the same method. Table 3.5 shows the percent each species 

contributed to the peaks in the O 1s spectra. The majority of the clean GaOOH was the metal 

oxide species with an average of 85.9±2.1 % and the hydroxide species being an average of 

14.1±3.7 % of the N 1s spectra. The in-situ GaOOH/TTP-PO3 contained an average of 

47.7±1.9 % Ga-O species, 44.5±1.1 % OH species and 7.86±0.90 % P-O species. The ex-situ 

GaOOH/TTP-PO3 sample contained an average of 27.9±2.9 % of Ga-O species, 54.93±0.95 

OH species and 17.2±3.1 P-O species. The increase in the contribution of the phosphonic 

groups from the TTP-PO3 in the ex-situ sample is support the notion that there is an increase 

in porphyrin surface coverage for these samples. 

Table 3.5. The contribution of the Ga-O, OH and P-O peaks in percentages of the O 1s 

spectra for the clean GaOOH and the in-situ and ex-situ GaOOH/TTP-PO3. 

 

 Ga-O  OH  P-O  

GaOOH 85.9±2.1 14.1±3.7 - 
in-situ GaOOH/TTP-

PO
3
 

47.7±1.9 44.5±1.1 7.86±0.90 

ex-situ GaOOH/TTP-

PO
3
 

27.9±2.9 54.93±0.95 17.2±3.1 

 

3.4.5 Fourier Transformed-Infrared Spectroscopy 

The Fourier Transformed-Infrared Spectroscopy (FT-IR) of the in-situ and ex-situ 

samples was investigated to explore the presence of functional organic groups from the 

pophyrin as well as vibrational frequencies associated with GaOOH. The use of FT-IR for 

the determination of TTP-PO3 presence on GaN was previously used.
112

 Figure 3.7 displays 
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the spectra of clean GaOOH by itself as well as the in-situ and ex-situ GaOOH/TTP-PO3. The 

stretch found near approximately 1650 cm
-1

 can be attributed to the presence of C=N bond 

stretching in the pyrolle ring of TTP-PO3. 
75

 The bands near 1030 and 950 cm
-1

 were found in 

each sample and can be attributed to typical bands found in GaOOH.
87

 The weak bands 

present in the two functionalized samples between 1900 and 2200 cm
-1

 can be attributed to 

overtones of the aromatic rings present in the porphyrin. 

  

Figure 3.7. FT-IR spectra of the in-situ and ex-situ GaOOH/TTP-PO3 as well as the clean 

GaOOH sample.  
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3.4.6 Stability Testing Using Fluorescence Spectroscopy  

The stability of the porphyrin incorporation in the nanostructured materials is of 

particular interest for a number of applications that require substantial exposure to solution 

conditions such as solar cells and bioimaging probes. The in-situ and ex-situ samples were 

soaked in DI water to simulate unreacted conditions and measured with Fluorescence 

Spectroscopy to probe for leaching of porphyrin from the samples. A dilute sample of TTP-

PO3 in DI water was made to determine the position of the fluorescence peak of the 

porphyrin. The sedimented samples were shaken in solution and spectra were obtained. 

These spectra provided further evidence of functionalization based on the presence of peaks 

characteristic of the porphyrin dye present in the in-situ and ex-situ samples.  

 The in-situ and ex-situ samples were left in DI water for a period of 7 days after 

which the solution was filtered and tested for stability data. To ensure the removal of loose 

particles from these wash solutions, a filtration step was performed. A Nanosep centrifugal 

device with a molecular weight cut off of 3K and pore size of less than 5 nm was used. TTP-

PO3 that leached into the solution would be soluble in the DI water and remain the solution 

following the filtration step.  

 Figure 3.8 shows the fluorescence spectra of the dilute TTP-PO3 solution, the filtered 

solution of the in-situ and ex-situ GaOOH/TTP-PO3 and the sedimented in-situ and ex-situ 

GaOOH/TTP-PO3 after shaking. The dilute solution contained a sharp peak near 695 nm 

which is consistent with the porphyrin. This same peak near 695 nm was present in the wash 

of the ex-situ sample while the wash of the in-situ sample showed the absence of any peak. 

This is consistent with the porphyrin leaching from the ex-situ GaOOH/TTP-PO3 and 
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remaining contained in the in-situ GaOOH/TTP-PO3. The sedimented in-situ GaOOH/TTP-

PO3 contained a peak near 675 nm after shaking and the sedimented ex-situ GaOOH/TTP-

PO3 contained a peak near 705 nm after shaking. The broad nature of the peaks and 

scattering due to the solid nature of the samples is likely the cause for the small shifts seen in 

the position of the fluorescence peaks.  

 

Figure 3.8. Fluorescence spectroscopy data of the dilute TTP-PO3 solution along with the 

shaken in-situ and ex-situ GaOOH/TTP-PO3 in DI water and the wash of the in-situ and ex-

situ GaOOH/TTP-PO3.  

 

 

3.5 Conclusions 

In conclusion, the synthesis and incorporation of porphyrin dye in GaOOH 

nanocrystallites was performed using two different methods. Subsequent characterization 

provided a comparison of the two methods. The in-situ GaOOH/TTP-PO3 samples showed 
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evidence of larger crystallite size based on the PL, SEM and XRD data analysis. The ex-situ 

samples were smaller in crystallite size, however substantial leaching when submerged in DI 

water was evident from the Fluorescence Spectroscopy data. The XPS data showed evidence 

of increased surface coverage of the TTP-PO3 on the ex-situ samples when compared to the 

in-situ samples.  The larger size of the in-situ GaOOH/TTP-PO3 crystallites suggests the 

possible incorporation of porphyrin inside of the hollow nanostructured semiconductor. 

Future work will be aimed to provide insight into this mechanism as well as into varying the 

size of the crystallites when the porphyrin is included in the synthetic procedure.  
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4. Synthesis and Optical Characterization of Mixed Nanostructured Aluminum-

Gallium Oxyhydroxide 

Brady L. Pearce, Nora G. Berg and Albena Ivanisevic* 

Department of Materials Science and Engineering, North Carolina State University, Raleigh, 

North Carolina, 27695, USA  

4.1 Abstract 

Nanostructured oxy-hydroxide materials with varied compositions of aluminum and 

gallium were synthesized in an environmentally friendly way with water as the only solvent. 

The tunability of optical properties of these materials through concentration ranges is 

particularly of interest for organic/inorganic hybrid materials in optoelectronic devices. Size 

comparisons of the materials were performed using DLS measurements. The measured size 

of the particles decreased with increasing Al. This supports the blue shift seen from the 

GaOOH emission wavelength to the Al0.5Ga0.5OOH emission wavelength in the PL spectra. 

The XRD showed the formation of a possible amorphous layer in Al0.5Ga0.5OOH and 

Al0.2Ga0.8OOH.   

4.2 Introduction 

Investigation into mixed aluminum and gallium containing oxides has seen increased 

attention due to their uses in catalysis and hydrogenation reactions. The mixed Al and Ga 

system with water has been researched, with the findings indicating that a boehmite structure 

of Al2O3·H2O exists up to the composition of approximately 70Al2O3·H2O, 30Ga2O3·H2O.
113

 

A one step precipitation reaction was followed to form mixed binary oxides of γ-Al2O3-α-

Ga2O3 for catalysis applications.
114

 The characteristics and properties of mixed (AlxGa1-x)2O3 
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have been reported using precursor nitrate materials.
115

 A solvothermal reaction has been 

used to produce spinel structured γ-Ga2O3 – Al2O3 mixed materials.
116

  

 The optical properties of these mixed oxide materials have, as of yet, not been 

extensively researched. Work in this field has focused mainly on the optical properties of 

mixed Al-Ga materials with various other metals. Examples of this are Co(Al1-xGax)2O4,
117

 

Co3-xMxO4 (M=Al, Ga, In),
118

 ZnX2O4 (X=Al, Ga, In)
119

 and BaO-M2O3 (M=Ga, Al, In)-

P2O3 glasses.
120

 The wide band gap semiconductor GaOOH has recently been identified as a 

suitable material for the covalent attachment of phosphonic group containing organic dye 

molecules.
121

 These composites are especially suitable for use in dye-sensitized solar cells 

(DSSCs).
25

 It is hypothesized that by incorporating or substituting Al ions in GaOOH using 

varied concentrations, we can tune the optical properties, in particular the luminescent 

wavelength. This provides a unique advantage for DSSCs and other dye based 

optoelectronics. Band matching of the inorganic semiconducting material with the highest 

occupied and lowest occupied molecular orbitals (HOMO and LUMO) of the organic dyes 

could be done with added precision in conjunction with computational models. Another 

advantage to investigating AlOOH for this application is the increased stability seen in 

aluminum containing oxide materials when functionalized with organic molecules.
17

 

 In this study, aluminum nitrate nonahydrate and gallium nitrate hydrate precursors 

dissolved at various concentrations in DI water were titrated with sodium hydroxide and a 

previously reported hydrothermal microwave synthesis (GaOOH) was performed.
37

 This 

titration and hydrothermal reaction has been done with AlOOH using an autoclave in 

previous work.
122

 The advantages of using a microwave to replace this are numerous; 
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including the ability to perform a reaction which could take as long as a day within a 20 

minute period. Corresponding ratios of mol:mol of Al:Ga were used to form the hypothesized 

compounds of AlOOH, Al0.8Ga0.2OOH, Al0.5Ga0.5OOH, Al0.2Ga0.8OOH and GaOOH. The Al 

containing materials were more colloidal in nature as well as smaller in size than pure 

GaOOH, therefore these solutions were centrifuged to remove solvent instead of just being 

filtered.  We found it easier to increase the yield using centrifugation rather than filtration.  

The effects of Al incorporation and concentration on the material diameter were investigated 

with Dynamic Light Scattering (DLS).  

4.3 Results  

 The size characteristics of the nanocrystalline materials are important considerations 

for optical properties. The optical bandgap of materials is heavily influenced by size at 

nanometer scales. DLS provides a diameter measurement based on a spherical particle, the 

size measurements were still enough to provide size comparison data for increasing Al 

concentrations. In conjunction with photoluminescence spectroscopy (PL), these sizes can be 

used to explain any shifts in the emission wavelengths seen in the spectra which do not 

correspond to bandgap differences. The morphology of the GaOOH was investigated with 

SEM (Figure 4.1(a)).  Microscopy measurements are a more reliable method of assessing the 

size of the synthesized materials.  TEM was used to image the morphology of the 

hypothesized Al0.5Ga0.5OOH material (Figure 4.1(b)). The materials are observed to conform 

to rod like morphologies, as expected from previous reports.
37, 122
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Table 4.1. Displayed are the DLS measurements of the average diameter of the mixed oxides.  

Sample Average Measured Diameter (nm) 

AlOOH 86.3±3.6 

Al0.8Ga0.2OOH 217±54 

Al0.5Ga0.5OOH 357±23 

Al0.2Ga0.8OOH 506±19 

GaOOH 670±28 

 

 

Figure 4.1. Displayed is the a) SEM image of GaOOH and b) TEM image of Al0.5Ga0.5OOH 
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The underlying goal of the synthesis of these mixed oxides was to provide a level of 

tunability to the optical properties of the materials for enhanced band matching with organic 

dye molecules. To explore the possibility of using these mixed oxides for this, PL data was 

obtained. This provided specific information about the luminescent emission of these 

materials and how this was affected by the composition. A homemade PL setup was used 

with an excitation wavelength of 193 nm. The laser used was a Coherent Xantos XS Argon 

Fluoride Eximer laser and different lenses were used to collimate and focus the beam on the 

sedimented samples in quartz cuvettes. Displayed in Figure 4.2 is the PL spectrum of each of 

the five materials going from top to bottom with increasing Al concentrations. Blue shifting 

is evident with increasing Al concentrations going from the high Ga concentrations to 

Al0.5Ga0.5OOH. The peaks present for each of the samples contained broad shoulders due to 

the expected high level of defects within the materials.  

 

Figure 4.2. Depicted is the PL spectra of the various mixed oxides.  
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Peak fitting was done on individual spectra using Origin 8.0 to determine specific 

emission wavelengths. The main peaks of the hypothetical compounds AlOOH, 

Al0.8Ga0.2OOH, Al0.5Ga0.5OOH, Al0.2Ga0.8OOH, AlOOH were observed at 311.62, 306.39, 

308.24, 337.94 and 352.85 nm, respectively. Blue shifting is seen from the high Ga 

concentration samples to the equal concentration samples and wavelength differences 

become negligible between peaks with added Al concentration. The band gap difference 

between AlOOH (4.51 eV)
15

 and GaOOH (4.75 eV)
37

 would suggest a red shift; however the 

effects of size at nanometer scales must be accounted for. In this study, it is evident that size 

effects overcome the material bandgap considerations. 

The crystallinity of the various compounds was investigated with X-ray Diffraction 

(XRD), Figure 4.3. This data was obtained on a Rigaku SmartLab X-Ray Diffractometer. 

The spectra belonging to Al containing compounds indicated some leftover precursor 

material. The broad nature of the AlOOH peaks is indicative of nano-scale particles. At equal 

concentrations of Ga and Al, the nature of the peaks in the XRD spectrum suggests a possible 

amorphous region in these samples. This is observed in the TEM image of this sample, 

(Figure 4.1b) which shows nanostructured materials embedded in an amorphous matrix. This 

is also observed in the theoretical Al0.2Ga0.8OOH sample. However, this sample contained 

well resolved peaks associated with GaOOH. The well resolved peaks from the GaOOH is 

consistent with the highly crystalline nanostructures seen in the SEM image (Figure 4.1a). It 

is possible the amorphous nature of these samples is due to the incomplete substitution of Ga 

into the boemite structure of AlOOH. Some microcrystal peaks are found in both the 

Al0.2Ga0.8OOH and Al0.5Ga0.5OOH spectra, with the broad, amorphous peaks. The peaks 
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found in the Al0.2Ga0.8OOH  can be attributed to GaOOH, whereas the peaks in the 

Al0.5Ga0.5OOH are unique. It is expected that this material is likely mostly amorphous with a 

small amount of microcrystals within the matrix.  

 

Figure 4.3. Shown are the XRD spectra of the various mixed oxides.  

 

In order to obtain high resolution atomic ratios of Al:Ga for each of the compounds, 

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) was employed. The samples were 

prepared by dissolving less than 0.1 mg of each sample in a dilute nitric acid solution. A lab 

blank of just the nitric acid was used as a control. The average Al:Ga ratio of the three mixed 

compounds is displayed in Table 4.2. The AlOOH and GaOOH sample contained no Ga and 

Al, respectively, which was confirmed by XPS (Figure 4.4). The XPS data was obtained on a 

Kratos Analytical Axis Ultra XPS. Reaching exact values of molar ratios for Al and Ga in 

these samples is unlikely due to the inability to control the amount of unreacted precursors 
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following the solution based reaction. The Al:Ga ratio of Al0.8Ga0.2OOH, Al0.5Ga0.5OOH and 

Al0.2Ga0.8OOH were calculated to be 6.32±0.72, 1.687±0.050 and 0.48±0.026, respectively. 

These are believed to be reasonable representations of the theoretical values of 4, 1 and 0.25. 

It is noted that each sample contained higher levels of Al than the theoretical values, 

suggesting the possibility that the AlOOH reaction left less unreacted precursor than the 

GaOOH reaction.  

 

Figure 4.4. Displayed is the a) Ga 2p high resolution spectra and the b) Al 2p high resolution 

spectra of the mixed oxides. 
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Table 4.2. ICP-MS data of Al and Ga leaching of the mixed oxides. 

 

Sample Al Concentration 

(mol/L) 

Ga Concentration 

(mol/L) 

Al:Ga Ratio 

(mol:mol) 

Al0.8Ga0.2OOH 7.4±1.0 x 10
-5

 1.19±0.20 x 10
-5 

6.36±0.72 

Al0.5Ga0.5OOH 8.5±3.1 x 10
-4

 5.0±1.8 x 10
-4 

1.687±0.050 

Al0.2Ga0.8OOH 1.20±0.25 x 10
-4 

2.54±0.64 x 10
-4

 0.484±0.026 

 

4.4 Conclusions 

The AlxGa1-xOOH system was studied to determine its viability as an optically 

tunable inorganic for use in hybrid organic/inorganic optoelectronic devices. An example of 

this is DSSCs, where the efficiency of the device is directly impacted by the band matching 

between the HOMO of the organic dye and the conduction band of the inorganic material. 

Varied concentrations of precursor Al and Ga(NO3)3 were added and a microwave 

hydrothermal technique was used to synthesize nanostructured samples. Difference 

concentrations were used for this study in order to investigate the size differences measured 

with DLS based on the varied concentrations. In conjunction with these size differences and 

concentrations, PL data was taken which indicated a blue shift in the materials from the 

GaOOH to Al0.5Ga0.5OOH. The emission wavelengths beyond this concentration of Al did 

not show a significant change. The XRD spectra of each of the mixed oxides provided 

crystallographic information about the materials. Based on the collected data the method 

does not produce phase pure materials.  These results indicate the possibility of tunability of 

the optical emission properties of this material system. This would prove to be valuable for a 

number of organic/inorganic hybrid materials for use in optoelectronics and bioelectronics. It 

would be of interest to investigate the properties of these materials as synthesized by 

conventional hydrothermal reaction to determine differences between the two synthetic 
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routes. The results of these syntheses suggest some reproducibility, however the 

concentration and crystallinity of the samples was uncontrolled.  
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5.1 Abstract  

Composites of nanostructured aluminum and gallium oxyhydroxide (AlOOH and 

GaOOH) and L-lysine were synthesized using an environmentally friendly approach. These 

composites were investigated to determine the effects of the functionalization on the aqueous 

stability and leaching of aluminum and gallium. The organic and inorganic components 

present in the samples were assessed with X-Ray photoelectron spectroscopy (XPS) and 

Fourier transformed-infrared spectroscopy (FT-IR). In the GaOOH-lysine composite, XPS 

provided evidence of both the presence of gallium and lysine. Crystallographic information 

was gathered using X-Ray diffraction (XRD). The FT-IR and XRD spectra of the composite 

materials were dominated by peaks related to lysine, due to the nature of these samples. 

Inductively coupled plasma-mass spectrometry (ICP-MS) data were collected of the 

functionalized and non-functionalized samples left in solution for periods of 1 day, 5 days 

and 7 days. This provided evidence of improved aqueous stability of the AlOOH-lysine 

composite with no effect seen in the GaOOH-lysine composite. The findings of this study 

will be used in determining the importance of lysine functionalization for future biomolecule-

nanomaterial composites.  
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5.2 Introduction  

The incorporation of the amino acid lysine to various functional materials to increase 

cell adhesion
30

, biocompatibility
31

 and aqueous stability
123

 is of interest for a variety of 

applications including biosensors and targeted radiation therapy. The use of carboxylic acid 

containing molecules for bonding with materials such as AlOOH has been previously 

explored.
124

 Lysine-alumoxane hybrid resins have been investigated to determine their 

effects on carbon fibers and epoxies.
125

 For applications such as drug delivery, lysine can 

provide a means for specific drug transport across the blood-brain-barrier.
126

 Lysine has 

proven to be an effective linker of various biomolecules to the surfaces of various gold 

samples for device capabilities such as biosensing.
127

 The dendrimer structures of lysine have 

shown to provide an attachment mechanism for gold nanoparticles and DNA.
128

 Graft 

polymers consisting of lysine and poly(ethylene glycol) (PEG) were investigated for 

adsorption on niobium oxide layers where altering the ratio of lysine to PEG directly affected 

the surface adhesion.
129

  

 The use of nanocrystalline materials for functionalization with organic moieties 

provides increased surface area for functional group attachment to the surface of the material. 

The materials of interest for this study, AlOOH and GaOOH, are typically researched for 

their effectiveness as precursors for conversion into Al2O3
130

, AlN
131

, Ga2O3
13

 and GaN.
132

 In 

addition to this, there are a number of reasons for considering these materials as the inorganic 

component of organic-inorganic composites. Particularly, the native hydroxide layer present 

on the materials provides an effective site for the attachment of organic molecules with 

functional side groups such as phosphonic and carboxylic groups. 
112

 The surface attachment 
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ensures long term stability of the interface between the two molecules. In this study, the 

functionalization of AlOOH and GaOOH nanostructured materials with L-lysine was 

performed. Toxicity occurs in biological systems at 700 mg/M
2
 of gallium nitrate.

133
 The 

importance of the surface functionalization of aluminum and gallium materials can be seen in 

Pourbaix diagrams.
134

 The passivation of Al and Ga occurs in small pH window. Due to this, 

functionalization with molecules capable of improving the stability of these materials is of 

particular interestThe incorporation of the amino acid lysine to various functional materials 

to increase cell adhesion
30

, biocompatibility
31

 and aqueous stability
123

 is of interest for a 

variety of applications including biosensors and targeted radiation therapy. The use of 

carboxylic acid containing molecules for bonding with materials such as AlOOH has been 

previously explored.
124

 Lysine-alumoxane hybrid resins have been investigated to determine 

their effects on carbon fibers and epoxies.
125

 For applications such as drug delivery, lysine 

can provide a means for specific drug transport across the blood-brain-barrier.
126

 Lysine has 

proven to be an effective linker of various biomolecules to the surfaces of various gold 

samples for device capabilities such as biosensing.
127

 The dendrimer structures of lysine have 

shown to provide an attachment mechanism for gold nanoparticles and DNA.
128

 Graft 

polymers consisting of lysine and poly(ethylene glycol) (PEG) were investigated for 

adsorption on niobium oxide layers where altering the ratio of lysine to PEG directly affected 

the surface adhesion.
129

  

 The use of nanocrystalline materials for functionalization with organic moieties 

provides increased surface area for functional group attachment to the surface of the material. 

The materials of interest for this study, AlOOH and GaOOH, are typically researched for 
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their effectiveness as precursors for conversion into Al2O3
130

, AlN
131

, Ga2O3
13

 and GaN.
132

 In 

addition to this, there are a number of reasons for considering these materials as the inorganic 

component of organic-inorganic composites. Particularly, the native hydroxide layer present 

on the materials provides an effective site for the attachment of organic molecules with 

functional side groups such as phosphonic and carboxylic groups. 
112

 The surface attachment 

ensures long term stability of the interface between the two molecules. In this study, the 

functionalization of AlOOH and GaOOH nanostructured materials with L-lysine was 

performed. Toxicity occurs in biological systems at 700 mg/M
2
 of gallium nitrate.

133
 The 

importance of the surface functionalization of aluminum and gallium materials can be seen in 

Pourbaix diagrams.
134

 The passivation of Al and Ga occurs in small pH window. Due to this, 

functionalization with molecules capable of improving the stability of these materials is of 

particular interest. 

5.3 Materials and Methods 

5.3.1 Synthesis of AlOOH and GaOOH Nanostructured Materials and Lysine 

Composites  

 Gallium nitrate hydrate, aluminum nitrate nonahydrate and sodium hydroxide, from 

Sigma Aldrich, were used as precursors for the formation of GaOOH and AlOOH nanorods 

using a previously reported hydrothermal microwave process.
37

 This specific technique has 

not been reported for the synthesis of AlOOH nanorods. Due to the colloidal nature of the 

AlOOH solutions after microwaving, centrifugation was done in place of filtration. The 

oxide-lysine composites were made using a previously reported reflux reaction.
17

 The L-

lysine standard was obtained from Sigma Aldrich. 
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5.3.2 Characterization  

X-ray Diffraction (XRD) spectra were obtained on a Rigaku SmartLab XRD. A 

Kratos Analytical Axis Ultra XPS provided surface sensitive information about the samples 

using a monchromated Al Kα source. A Bruker 1 95 9760 ALPHA FT-IR spectrometer 

equipped with a KBr beam splitter was used to gather FT-IR spectra in transmittance mode.   

5.4 Results and Discussion 

The nanomaterial synthesis and functionalization was done via a more 

environmentally green approach using water as a solvent and remaining at relatively low 

temperatures. A schematic representation of the various steps performed is shown in Figure 

5.1. Included with this is SEM images of the GaOOH nanorods before and after 

functionalization. The nanorods are around 80 nm in width and 1 micron in length. To the 

best of our knowledge, this is the first reported use of GaOOH for this reaction in place of 

AlOOH. 

 

Figure 5.1. A graphical schematic depicting the processes followed for the synthesis of the 

composite materials. Included are SEM images of the GaOOH nanorods before and after 

lysine functionalization. 
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5.4.1 X-Ray Diffraction 

The XRD spectra of the synthesized GaOOH and AlOOH nanorods and lysine 

composites showed the effectiveness of the reflux reaction (Figure 5.2). The GaOOH 

nanorods matched with the standard spectrum; however the AlOOH spectrum showed peaks 

consistent with possible leftover precursor material. The peaks attributed to AlOOH in this 

sample were significantly broad, which is attributed to the nano scale nature of the material. 

The significantly broader peaks in the AlOOH sample provide some evidence of smaller 

crystallite sizes in this sample when compared to the GaOOH. The composite materials both 

contained peaks that are consistent with the L-lysine standard which is also presented in the 

figure. The lack of any significant, observable crystallographic contributions from the 

GaOOH and AlOOH in the composites is attributed to the nature of the samples. It is 

hypothesized that the nanostructured oxides are surrounded by a crystalline lysine matrix 

whose XRD peaks are of significantly higher intensity. 

 

Figure 5.2. Displayed are the XRD spectra of the various samples including the L-lysine 

standard, the AlOOH and GaOOH composites and the clean nanostructured materials.  
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5.4.2 X-Ray Photoelectron Spectroscopy  

Survey scans and high resolution regional XPS scans were taken for each of the 

samples. The N 1s, Ga 2p and Al 2p region scans provided evidence of the species present on 

the surface of each of the samples. In the Al 2p (Figure 5.3(a)) regional scan, the AlOOH 

sample has a peak near 74 eV which is not present in the AlOOH-lysine composite. It is 

believed that this is due to the AlOOH nanorods being buried in the lysine matrix along with 

the reduced response of Al in XPS when compared to Ga. The GaOOH and GaOOH-lysine 

composite both have a peak in the Ga 2p (Figure 5.3(b)) regional scan which is located near 

1118 eV. Figure 5.3 (c) shows the N 1s regional scans of the various species indicating 

evidence of lysine presence in both the AlOOH and GaOOH containing lysine composites. 

This is based on the presence of two peaks near 399 and 400 eV on the composites as well as 

on the L-lysine standard.
135

 No N 1s peak is present in the AlOOH sample and two peaks are 

present in the GaOOH at about 395 and 392 eV. These peaks are attributed to the Auger 

peaks Ga LMM 1 and 2.  
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Figure 5.3. Depicted are the high resolution XPS spectra of various samples for (a) Al 2p, (b) 

Ga 2p and (c) N 1s. 
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5.4.3 Fourier-Transformed Infrared Spectroscopy 

In order to evaluate the nature of the vibrational frequencies of the chemical species 

within the samples, FT-IR was used. The FT-IR spectra of both GaOOH
106

 and AlOOH
136

 

nanostructured samples have previously been reported. Figure 5.4 displays the spectra of 

each of the four synthesized samples as well as of the lysine standard. The spectrum of the 

synthesized GaOOH nanorods contains expected peaks near 1030, 950, 690 and 630 cm
-1

.
88

 

Peaks that are corresponding to the carboxylic acid group on lysine are found near 1600-1300 

cm
-1

 in the spectrum of the standard. These peaks are also observed in the spectra of both of 

the lysine containing composites. In the AlOOH sample, peaks are seen near 1165, 1071, 

737, 610 and 478 cm
-1

, consistent with previously reported results.
136

 The peaks from 

AlOOH or GaOOH are difficult to resolve in the composite materials due to their high level 

of overlap with the characteristic peaks of the organic material. 
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Figure 5.4. Shown are the FT-IR spectra of the various samples including the L-lysine 

standard, the AlOOH and GaOOH composites and the clean nanostructured materials. 

 

 

5.4.4 Inductively Coupled Plasma-Mass Spectrometry Aqueous Stability 

 The leaching characteristics of the nanocrystalline materials and composites were 

investigated to determine the effect of the surface modification with lysine. Solutions of the 

various materials encompassed by DI water, soaked over periods of 1, 5 and 7 days, were 

measured with  ICP-MS for Al and Ga leaching concentrations. The initial concentrations of 

GaOOH, GaOOH-lysine, AlOOH, Al-lysine were 8.7 mg, 9.1 mg, 9.4 mg and 8.6 mg in 10 

mL, respectively. Table 5.1 shows the average and standard deviation. It is observed that the 
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presence of lysine does not reduce the presence of Ga leaching in the GaOOH samples and 

that these materials are relatively stable over time. In the AlOOH samples, however, the level 

of Al leached into solution is significantly less for the lysine functionalized composites. 

Statistical analysis was performed to determine if leaching levels over time were significantly 

different. These statistical tests are presented in the supplemental information. The values of 

leaching observed in the AlOOH were above reported toxicity values of between 50-200 

ppb
137

 and 9 ppm.
138

 The values of observed leaching for the AlOOH-lysine composite were 

below this, indicating the advantage of functionalizing the aluminum containing 

nanostructures with lysine.  

Table 5.1. Displayed is the ICP-MS data for Day 1, 5 and 7 of the various solutions of the 

submerged materials and the measured Ga or Al concentrations and percent of starting 

material leached.  

 
Sample Type Day 1 Day 5 Day 7 

 Ga 
Concentration 

(ppm) 

Percent 
Leached (%) 

Ga 
Concentration 

(ppm) 

Percent 
Leached (%) 

Ga 
Concentration 

(ppm) 

Percent 
Leached (%) 

GaOOH 1.487±0.036 0.2517±0.0060 1.187±0.036 0.2011±0.0054 1.092±0.024  0.1849±0.0040 

GaOOH-Lysine 6.400±0.030 2.521±0.012 6.86±0.17 2.691±0.065 7.400±0.054  2.920±0.021 

 Al 
Concentration 

(ppm) 

Percent 
Leached (%) 

Al 
Concentration 

(ppm) 

Percent 
Leached (%) 

Al 
Concentration 

(ppm) 

Percent 
Leached (%) 

AlOOH 24±20  5.6±4.7 31±16 7.7±3.9 25±22  6.0±5.2 

AlOOH-Lysine 0.49±0.24  0.43±0.22 0.2093±0.0049  0.1860±0.0043 0.2110±0.0013 0.1885±0.0045 

 

 

5.5 Conclusions 

 An environmentally friendly inorganic synthesis and functionalization process was 

followed to make GaOOH and AlOOH composites with lysine. Nanostructured forms of the 
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oxide materials were synthesized using a microwave hydrothermal process. The chemical 

and crystallographic nature of the composite was explored with XPS, FT-IR and XRD. The 

leaching characteristics of the composites were characterized using ICP-MS of DI water 

solution over a period of 7 days. The results indicated that the lysine incorporation on the 

AlOOH nanostructured materials improved the aqueous stability of the particles over a 7 day 

period. Understanding the effects of surface modification of nanostructured semiconductors 

provides pivotal information for future implementation of these composites into biomolecule 

based devices such as bacteriostatic glasses containing Ga.
139
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6.1 Abstract 

 A porphyrin dye was immobilized on the surface of nanocrystalline AlOOH and 

AlGaOOH. An in-situ procedure was used, in which the precursors were mixed with the 

soluble porphyrin dye prior to the microwave process. In a second methodology, the 

nanostructured materials were added to a porphyrin solution ex-situ, after the microwave 

process was complete. The presence of porphyrin onto the oxyhydroxide was confirmed with 

Fourier Transformed-Infrared Spectroscopy. The effect of porphyrin dye on the 

crystallographic nature of samples was examined with X-Ray Diffraction.  The mixed 

AlGaOOH samples showed the formation of an amorphous layer and the AlOOH samples 

contained well resolved peaks attributed to the inorganic material of interest. Scanning 

Electron Microscopy images confirmed larger nanostructures in the AlOOH and AlGaOOH 

composites when the in-situ functionalization technique was employed as compared with the 

ex-situ one. Photoluminescence data indicated the presence of a peak attributed to the 

fluorescence of the porphyrin in the en-situ AlOOH sample, and a decrease in the full width 

at half maximum of the main excitonic peak of the semiconductors. This is attributed to the 

increased intensity from the added contribution of the organic dye near 300 nm.  The results 
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demonstrate that a simple water based procedure can be used to modulate the optical 

signature of the mixed oxyhydroxides. 
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6.2 Introduction 

Solution based functionalization research for wide bandgap semiconductors provides 

a scalable technique for developing hybrid inorganic/organic materials. Of particular 

importance in the functionalization of materials such as gallium nitride (GaN), is a 

preferentially grown surface hydroxyl layer.
2
 The native presence of hydroxyl groups on the 

materials aluminum and gallium oxyhydroxide (AlOOH and GaOOH) present a unique 

advantage for one-step surface modification. Previous work has demonstrated the viability of 

using two different functionalization techniques for attaching a porphyrin molecule to the 

surface of GaOOH.
140

 Poprhyrin molecules have shown great promise for photovoltaic 

applications, due to their elevated photon-to-electron conversion efficiency.
53

  

 Recent work has demonstrated the solution based synthesis of mixed Al and GaOOH, 

and indicated tunability of the optical properties based on the concentration of Al or Ga. 

Previous literature has indicated that the boehmite structure in the Al-Ga water system exists 

up to a 70% Al composition.
113

 The optical tunability of these mixed composition, 

nanostructured oxyhydroxides provides these materials with unique viability in hybrid 

organic/inorganic composites. Solution based techniques have shown promise for developing 

Al and Ga mixed materials such as (AlxGa1-x)2O3,
115

 γ-Al2O3-α-Ga2O3
114

 and γ-Ga2O3-Al2O3 

spinel structures.
116

  

 In this work we explore the possibility of modulating the optical properties of mixed 

oxyhydroxides by modifying their surface with and organic dye molecule. The chemical 

nature of the compounds was investigated with Fourier Transformed-Infrared Spectroscopy 

(FT-IR).  The effect of the presence of the organic dye on the crystallography of the 
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inorganic component was characterized with X-Ray Diffraction (XRD). The size 

characteristics of the nanostructured materials were explored using scanning electron 

microscopy (SEM). The optical properties of the composites were measured with 

photoluminescence (PL) spectroscopy.   

6.3 Materials and Methods 

6.3.1 Synthesis of Organic/Inorganic Composites 

A previously reported synthesis procedure for making GaOOH nanorods was 

followed to produce the AlOOH and AlGaOOH nanostructure inorganics.
37

 A 1:1 mol:mol 

ratio of Al(NO3)3 and Ga(NO3)3
 
precursor were titrated with 0.1 M NaOH to a pH of 8 for the 

AlGaOOH procedure. Due to the hypothesized size and nature of the nanostructured 

materials, centrifugation was used to separate the solid. Two different methodologies were 

employed to attach the porphyrin salt to the oxyhydroxide materials. An in-situ 

functionalization included adding the soluble porphyrin salt before the microwave process 

and an ex-situ functionalization was used after the microwave process. The product of the 

solution based synthesis was rocked in a solution of porphyrin salt for a period of 24 hours.  

6.3.2 Characterization 

The XRD spectra obtained in this study were produced with a Rigaku SmartLab 

XRD. The FT-IR spectra were gathered with a Bruker 1 95 9760 ALPHA FT-IR 

spectrometer in transmittance mode with a KBr beam splitter. PL data was obtained on a 

homemade optical bench top with a 193 nm Coherent Xanton XS Argon Fluoride Eximer 

laser. All SEM images were obtained with an FEI Verios 460L Field Emission SEM. 

 



 

92 

 

6.4 Results and Discussion 

Previous work has indicated the importance of size considerations on the optical 

bandgap and emission characteristic of mixed AlGaOOH materials. This is particularly 

important for optoelectronic applications involving organic/inorganic hybrid materials. The 

synthesis of these composites was done with water as the only solvent and at low 

temperatures relative to typically used techniques.  

6.4.1 X-Ray Diffraction 

 Crystallographic information of the in-situ and ex-situ AlOOH and AlGaOOH with 

porphyrin was gathered using XRD spectra. This was done in an effort to determine the 

effect of the presence of porphyrin during the microwave synthesis on the crystalline nature 

of the samples. The in-situ and ex-situ AlGaOOH had few well resolved peaks, with evidence 

of amorphous layers within the samples.  The peaks found in the spectra of these samples lie 

at the same 2θ as peaks found in the AlOOH samples. The ex-situ and in-situ AlOOH XRD 

spectra contained well resolved peaks attributed to the presence of crystalline AlOOH.\ 
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Figure 6.1. Displayed is the XRD spectra of the in-situ and ex-situ functionalized AlOOH 

and AlGaOOH. 

 

 

6.4.2 Fourier-Transformed Infrared Spectroscopy 

 FT-IR spectra were obtained to determine the nature of chemical species within the 

hybrid organic/inorganic composites. In the ex-situ and in-situ AlOOH and AlGaOOH, a 

number of peaks were present which can be attributed to the presence of AlOOH. The band 

found near 1636 cm
-1

 can be attributed to water, while the bands found near 1080 cm
-1

 and 

1160 cm
-1

 are attributed to different modes of the Al-O-H bonding in the AlOOH structure.
32

 

The band near 750 cm
-1

 can be attributed to the torsional vibrational mode of boehmite and 

the bands found near 630 cm
-1

 and 485 cm
-1

 are due to stretching bands of the Al-O bond.
32
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Figure 6.2. Depicted is the FT-IR spectra of the in-situ and ex-situ AlOOH and AlGaOOH. 

 

6.4.3 Size Measurements from Scanning Electron Microscopy 

 Previous work with composites containing various concentrations of Al and Ga in 

AlGaOOH samples indicated a decrease in the size of the nanostructures of the materials 

with an increase in Al concentration. SEM images were gathered for each of the hybrid 

organic/inorganic composites in an effort to gather size measurements of the nanostructures. 

Each of these hybrid materials conformed to rodlike geometries with lengths much larger 

than the widths. The average length and width measurements for each are displayed in Table 

6.1. It was observed that the presence of the porphyrin molecule during the microwave 

synthesis led to larger lengths and widths in these composites. In both the in-situ and ex-situ 
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materials, the AlOOH was measured to be smaller in both length and width than the 

AlGaOOH material.  

Table 6.1. Displayed is the measurement of the FWHM of the main excitonic peaks of each 

composite. 

 Average Length (nm) Average Width (nm) 

In-situ AlOOH 386±28 54.7±5.0 

Ex-situ AlOOH 59.7±2.6 15.98±0.93 

In-situ AlGaOOH 907±64 107±15 

Ex-situ AlGaOOH 151±14 19.9±3.3 

 

6.4.4 Optical Properties of Composites Using Photoluminescence 

 Recently, the mixed AlGaOOH system was identified as a suitable material for hybrid 

organic/inorganics, in particular for optoelectronics.
141

 Research has indicated that 

nanostructured GaOOH has increased photocatalytic properties.
37

 The incorporation of Al at 

mixed concentrations has been shown to provide tunability to the optical bandgap and 

emission wavelength of the material. It was found that the smaller size of nanostructures due 

to increasing Al concentration reduced the optical bandgap and decreased the emission 

wavelength found using PL spectra.  

 For applications such as dye-sensitized solar cells, the energy loss from the electron 

moving from the lowest unoccupied molecular orbital (LUMO) of the organic dye to the 

conduction band (CB) of the semiconductor can be compensated by tuning the CB to match 

the energy level of the LUMO. The PL spectra of the hybrid organic/inorganic materials are 

shown in Figure 3. The highest energy peaks for the in-situ AlOOH, ex-situ AlOOH, in-situ 
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AlGaOOH and ex-situ AlGaOOH were found at 302.1, 299.7, 302.1 and 297.1 nm, 

respectively. It is observed that for both samples, the in-situ sample contained a peak at 

higher wavelengths, or lower energy. This is attributed to the observed larger sized 

nanostructures found in the in-situ samples when compared with the ex-situ ones.  In the PL 

spectra of ex-situ AlOOH, the low intensity of the main excitonic peak provided the 

observation of a peak near 650 nm, due to the fluorescence of the porphyrin dye. The spectra 

of this sample also contained a main peak with the lowest full width at half maximum 

(FWHM). 

 

Figure 6.3. Shown is the PL spectra of the in-situ and ex-situ AlOOH and GaOOH. 
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The presence of an optically active organic dye molecule with an inorganic 

semiconductor is hypothesized to increase the bandwidth of emission during luminescence.  

This is demonstrated by the increased FWHM of the excitonic peaks found in each of the 

samples. The FWHM of the in-situ and ex-situ AlOOH were significantly smaller than the 

FWHM of AlOOH from previously published data of 76.7.
141

 This was also the case with the 

in-situ and ex-situ AlGaOOH, with smaller FWHM of their excitonic peaks than that of 

AlGaOOH, 68.0.
141

 This is likely due to an increase in the intensity of emitted photons from 

the presence of the porphyrin molecule. Porphyrins have been explored as sensitizers on 

oxide surfaces such as TiO2.
142

  The ease of functionalization with these dyes and their utility 

for different wide band gap materials is well documented in the literature.
2
  Our materials’ 

characterization data and spectroscopy data illustrates that this extremely simple method of 

chemical functionalization can be used to form stable dye-wide band gap surface complexes 

in water.  Comparison between the PL data of in situ and ex-situ functionalization of AlOOH 

indicates that one can load considerably more dye onto to the oxide surface after synthesis.  

The observation supports the notion that phosphonate ligands have a higher affinity of 

AlOOH compared to previously studied GaOOH.
2
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Table 6.2. Displayed is the measurement of the FWHM of the main excitonic peaks of each 

composite. 

 Excitonic Peak FWHM 

In-situ AlOOH 302.1 67.3 

Ex-situ AlOOH 299.7 36.8 

In-situ AlGaOOH 302.1 67.1 

Ex-situ AlGaOOH 297.1 52.8 

AlOOH
143

 311.62 76.7 

AlGaOOH
143

 308.24 68.0 

 

6.5 Conclusions  

The surface attachment of organic dye molecules to nanostructured inorganic 

semiconductors has wide reaching applications in optoelectronics and bioelectronics. In 

oxyhydroxide materials such as GaOOH and AlOOH, the surface layer of hydroxyl groups 

can be used to provide attachment sites for organics with phosphonic group containing 

functional side groups. This study explored the in-situ and ex-situ functionalization of 

AlOOH and a mixed AlGaOOH with a porphyrin dye containing a phosphonic side group. 

The crystallographic nature of the samples was investigated with XRD, showing the 

formation of an amorphous region in the in-situ and ex-situ AlGaOOH, and well resolved 

peaks attributed to AlOOH in the in-situ and ex-situ AlOOH.  
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7. Conclusions and Future Outlook  

 The focus of this dissertation is the improvement of processing techniques and 

characterization of novel hybrid organic/nanostructured inorganic composites. Using a 

previously established functionalization technique,
1
a phosphonic group containing porphyrin 

dye molecule was attached to the surface of a nanostructured GaN powder. Fluorescence 

spectroscopy indicated stability of the organic/inorganic interface after a period of 20 days in 

water due to the lack of peaks attributed to desorbed porphyrin. The presence of organic and 

surface species attributed to the porphyrin and GaN were observed using FT-IR and XPS, 

respectively. The information gathered in this study provided evidence to promote the 

hypothesis that the surface attachment between dye and semiconductor was covalent in 

nature.  

 The surface attachment of phosphonic group containing organic molecules to GaN is 

known to rely on a surface hydroxyl group, preferentially grown on the GaN surface. In an 

effort to reduce processing steps even further, as well as investigate a novel material for these 

applications, GaOOH was studied. Two methodologies were performed to attach a 

phosphonic group containing porphyrin dye to microwave synthesized GaOOH. An in-situ 

method relied on introducing the soluble porphyrin into solution before the microwave 

process, while the ex-situ method introduced it after the process. Larger crystallites were 

observed in the in-situ composites when compared to the ex-situ ones. This was evidenced by 

PL, SEM and XRD data, and suggested interaction of the soluble porphyrin with the GaOOH 

precursors during the microwave synthesis. The ex-situ process showed increased surface 

coverage via the XPS data as well as the presence of desorbed porphyrin from fluorescence 
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spectroscopy data. The leaching of porphyrin from the interface provided possible evidence 

of pi-stacking of the organic molecule on the surface of the nanostructured GaOOH.  

 For optoelectronic applications of organic/inorganic composites, a key electron 

transfer process is the movement from the HOMO of the organic to the conduction band of 

the semiconductor. In applications such as DSSCs, the efficiency of the device depends 

heavily on the reduction of energy losses during this step. In an effort to improve this, mixed 

concentrations of Al and Ga precursors were used to synthesize the AlxGa1-xOOH system. 

Size measurements, performed with DLS, indicated decreasing size with increasing Al 

concentration. These size differences were hypothesized to be the reason behind the blue 

shift seen from the GaOOH material to the Al0.5Ga0.5OOH. Amorphous regions seen in the 

XRD spectra indicated that the methodology used did not produce all phase pure materials.  

 Optoelectronic devices left in environmental conditions, as well as bioelectronics in 

varying pH environments, require solution stability to avoid the leaching of ions from the 

material. Lysine has shown promise for this application, and a previous technique 

demonstrated the cross-linking of this organic with the nanostructured form of AlOOH. This 

technique was followed using both AlOOH and GaOOH, and ICP-MS data showed that the 

leaching of Al and Ga ions into solution over a 7 day period indicated an improvement in the 

aqueous stability in the AlOOH-lysine composites. The lack of improved aqueous stability in 

the GaOOH-lysine composites is hypothesized to be due to the nature of the larger GaOOH 

particles. This likely hindered the cross-linking of lysine, and led to the GaOOH sitting in a 

sea of lysine.  
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 The final study in this dissertation was to explore the attachment of the phosphonic 

group containing porphyrin dye on AlOOH and the mixed AlGaOOH material. The previous 

in-situ and ex-situ methodologies were followed. In the mixed AlGaOOH system, the XRD 

spectra showed the formation of an amorphous region, as expected from previous work. The 

FT-IR spectra of the composites indicated the presence of both porphyrin and AlOOH in all 

four materials of interest. Size measurements were performed with SEM images, indicating 

that the in-situ methodology produced larger nanostructured crystallites than the ex-situ 

method. The FWHM of the PL spectra in the composite materials indicated an increase in 

intensity near the excitonic peak wavelength. The spectra ex-situ AlOOH material contained 

a peak around 650 nm, which was due to the presence of the porphyrin.  

 There are a number of additional promising directions that can be explored in light of 

the results from this dissertation. One can build a prototype DSSC, with metal center 

containing porphyrins, to insight into their efficiency in devices. The incorporation of various 

other precursors, such as indium nitrate In(NO3)3, would provide additional insight into the 

effects of varying compositions on size and optical characteristics of various composites.  

 Additional future work can be centered on the continuation of exploring the 

understanding of the use of phosphonic acids derivatives for organic/inorganic devices.
2
 In 

particular, modifying transparent conduction oxides with phosphonic group containing 

organics has shown promise in providing improvements in these devices and new 

functionalities. In OLEDs, phosphonic acid containing organics provide an increase in work 

function, which drives the improved efficiency of these devices.  
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