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Abstract 

 Solar fuel generation utilizing various nanomaterial light absorbers is a promising strategy 

to address current issues in energy production. Suitable materials for photochemical fuel 

production must combine properties of visible light absorption, suitable band edge potentials for 

catalysis, resistance to photooxidation, and long-lived excited states. Such requirements have 

revealed the need for materials with complex optical and excited state properties. Understanding 

these properties is important for improving material design for solar fuel generation. Herein, using 

femtosecond transient absorption (TA) spectroscopy, we study two complex metal alloy systems 

with properties relevant to solar fuel generation. The first part of this dissertation discusses optical 

and excited state properties in (Ga1-xZnx)(N1-xOx) nanoparticles. We discovered that (Ga1-xZnx)(N1-

xOx) nanoparticles contain excited-state carriers with large reduced effective masses and revealed 

a free carrier density-dependent Burstein-Moss spectral shift. In addition, decay kinetics were 

found to exhibit a short-lived component assigned to trap mediated and Auger recombination and 

a long-lived component assigned to a broad distribution of trap states and trap-limited 

recombination. Furthermore, we studied these excited state properties in (Ga1-xZnx)(N1-xOx) 

nanoparticles with various elemental distributions and established that elemental distribution does 

not have a significant impact on recombination kinetics. The second part of the dissertation 

discusses the excited state properties in Ag-TiO2 films which are composed of Ag nanoparticles 

embedded in a mesoporous TiO2 host. TA spectroscopy was used to probe electron transfer 
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between Ag and TiO2 upon visible and ultraviolet illumination. It was proposed that upon UV 

illumination, electron transfer from excited TiO2 to Ag nanoparticles occurs, and upon visible 

illumination, the surface plasmon resonance (SPR) in Ag is excited and a direct electron transfer 

into TiO2 follows. Revealing behavior of carriers in both of these systems upon illumination leads 

to insights for future material design and applications.
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Chapter 1.     Introduction 

 

1.1   Motivation 

Global energy consumption has continued to increase since the onset of the industrial revolution 

and will continue to increase as industry and world population continue to grow.1,2 Global energy 

demands have resulted in extensive use of carbon-based fuels such as natural gas, oil, and coal.3 

However, these resources are being quickly depleted and burning these fuels to use as energy 

sources, results in the release of greenhouse gases like CO2 and noxious gases including SOx and 

NOx.
4 The release of these gases into our atmosphere not only leads to pollution, but increases 

global temperatures. Global warming has many negative impacts on the environment, including 

shrinking glacial ice, increased ocean levels, increased ocean acidity, and damage to ecosystems 

and agriculture.5-7 These consequences of our reliance on fossil fuels make it vital that we start to 

move towards a clean and renewable form of energy. One sustainable and renewable form of 

energy that has gained considerable interest is solar energy.8 Having such an abundant source of 

energy, where the amount of  solar energy hitting the Earth’s surface in two hours is more than the 

global energy use in a year, it is imperative to convert solar energy into chemical or electrical 

energy.1  

 Utilizing nanomaterial semiconductors for solar fuel generation is a desirable approach.9 

Hydrogen as a fuel can be produced by splitting water and is an energy dense and clean fuel.10 

Suitable materials for solar fuel production are rare, as they need to satisfy various requirements. 

One major requirement is the absorption of visible light in order to use a large portion of the solar 

spectrum. In addition, these materials need to be stable and resist photooxidation. Many materials 
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satisfy some of these requirements, but do not always satisfy all of them. Therefore, it is necessary 

to develop new materials that can improve the efficiency of solar fuel generation.  

 Not only is it important to develop new materials for solar fuel generation, but it is also 

important to understand their optical and excited-state properties. In order to enhance performance 

of materials for solar fuel generation, we need to be able to understand their behavior upon 

illumination. In particular, we need to know how excited state carriers (electrons and holes) behave 

when they are generated. For example, electrons and holes can recombine via different pathways 

with different efficiencies, therefore effecting their utilization in necessary photocatalytic 

reactions.  

1.2   Background 

In this dissertation, the optical and excited state properties in (Ga1-xZnx)(N1-xOx) nanoparticles and 

Ag-TiO2 films are studied. In this section, background information about (Ga1-xZnx)(N1-xOx) 

nanoparticles and Ag-TiO2 films will be reviewed. In addition, an overview of transient absorption 

(TA) spectroscopy, the main analysis tool used to study these materials in this work, will be 

presented.  

1.2.1   (Ga1-xZnx)(N1-xOx): A Solid solution of GaN and ZnO 
 

(Ga1-xZnx)(N1-xOx) was first synthesized in its bulk form as a solid solution of ZnO and GaN by 

the Domen group, in 2005.11 The resulting material showed promise for photocatalytic ability due 

to its tunable visible bandgap (based on x value), despite the parent materials ZnO and GaN 

exhibiting ultraviolet (UV) bandgaps.12 (Ga1-xZnx)(N1-xOx) has been shown to be capable of 

splitting water into H2 and O2 under visible light illumination and increased photocatalytic activity 

when modified with cocatalysts.12-22 However, the quantum efficiency of water-splitting has never 

exceeded 20%, indicating significant energy-loss pathways present within the material.23  
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 Our group sought to synthesize (Ga1-xZnx)(N1-xOx) on the nanoscale, which could increase 

catalytic activity due to higher surface to volume ratios in nanoscale particles. Hahn et al, produced 

(Ga1-xZnx)(N1-xOx) nanotubes which demonstrated improved photocatalytic activity as compared 

to bulk products.24 In 2012, our group synthesized (Ga1-xZnx)(N1-xOx) on the nanoscale with a wide 

range of x values from x=0.30 to 0.87.25 Later, an even broader range from x=0.06 to 0.98 was 

achieved.26 The synthetic method involved using nanoscale ZnO and ZnGa2O4 precursors that 

were combined and heated to 650 °C under a flow of NH3, resulting in our (Ga1-xZnx)(N1-xOx) 

nanoparticles. The resulting particles exhibited a tunable visible absorption. Figure 1.1 shows the 

diffuse reflectance spectra at various x values, where bandgap clearly increases with decreasing x 

value. The origin of this tunable visible bandgap has been explored. Early reports from the Domen 

group suggested that repulsion between Zn3d and N2p orbitals in the valence band results in an 

upward shift of the band, resulting in a narrower bandgap.12 Other studies have focused on 

understanding the origin of this visible absorption, theoretically and experimentally, but the reason 

is still up for debate.27-33 Work in Chapter 3 of this dissertation further explores optical properties 

in (Ga1-xZnx)(N1-xOx) nanoparticles.  
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Figure 1.1. Diffuse reflectance transformed Kubelka Munk plots of (Ga1-xZnx)(N1-xOx) 

nanoparticles with different x values. As x value (shown in legend) increases, absorption onset 

wavelength also increases. Adapted from Nano Letters 2012, 12, 3268-3272. © Copyright 2012 

Nano Letters. 

  

 Further work in our group to determine the mechanism of formation of (Ga1-xZnx)(N1-xOx) 

led to the conclusion that a topotactic nucleation occurs between ZnO and ZnGa2O4 precursors.26 

Later, we found that particles synthesized at 650 °C exhibit heterogeneous elemental distributions, 

where Zn and O are localized to the center of the particle, while Ga and N are localized to the 

edges of the particles.34 With an increase in synthesis temperature to 800 °C, we determined that 

the particles had elemental distributions that were evenly distributed throughout the particles. 

Figure 1.2 shows the proposed scheme for how synthesis temperature changes the resulting particle 

distribution. The formation mechanism involves phase transformation, nitridation, and diffusion 

of Ga, Zn, N, and O. At higher temperatures, each of these steps effectively allows for the 

production of homogeneous particles, while at 650 °C, nitridation, and diffusion are concentrated 

to the edges of the particles.34 
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Figure 1.2. Scheme representing the synthesis mechanism of (Ga1-xZnx)(N1-xOx) nanoparticles at 

650 °C and 800 °C. Synthesis at 650 °C results in heterogeneous nanoparticles and small 

aggregated particles, while synthesis at 800 °C results in homogeneous particles. Adapted from 

ACS Nano 2017, 11, 8401-8412. © Copyright 2017 ACS Nano. 

 

1.2.2   Excited State Dynamics in (Ga1-xZnx)(N1-xOx) 

 

Previous work in our group to understand the excited-state decay in (Ga1-xZnx)(N1-xOx) 

nanoparticles involved using transient absorption spectroscopy to study a sample with an x value 

of 0.73.35 In order to perform absorption experiments, the particles needed to be solubilized. As 

synthesized, (Ga1-xZnx)(N1-xOx) particles are in their powder form.25 In order to obtain particles in 

solution, they were functionalized in toluene with octadecyltrimethoxysilane (ODTMS) ligands.35 

Excite-state decay measurements revealed a short (15-30 ps) component, which comprised 55% 

of the decay and a long-lived component with an average lifetime of ~30 μs, which comprised the 

remaining 45% of the decay. The goal here was to elucidate what these short and long-lived decay 

components were due to. This is explored in Chapters 4 and 5 of the dissertation.  

1.2.3   Ag-TiO2  

 

Silver nanoparticles possess unique and tunable optical properties.36 One particularly unique 

property of metallic nanomaterials is their surface plasmon resonance (SPR), which is due to the 
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coherent oscillation of conduction band electrons induced by interaction with light.36-39 Plasmonic 

metal nanoparticles exhibit tunable absorption, based on size and shape, across the entire visible 

spectrum.36,39,40 Thus, incorporating them into photocatalytic systems would be very promising for 

improving efficiency of solar energy conversion. Particularly, Ag nanoparticles attached to 

semiconductors such as TiO2 prove to be promising for their use in applications for solar fuel 

generation.41 The interaction between metal nanoparticles and semiconductors results in three 

potential processes. These are shown in Figure 1.3. Upon visible illumination, plasmon-induced 

charge separation (PICS), or direct electron transfer can occur. In this case, the SPR in the silver 

nanoparticles generates hot electrons that are then injected into the TiO2 conduction band.36,42 

Under UV illumination, TiO2 is excited and the resulting conduction band electron transfers from 

TiO2 into Ag. This is known as the co-catalysis effect.42 Finally, the nanoantenna effect occurs 

when Ag nanoparticles are not in direct contact with TiO2 (~10 nm) and a localized surface 

plasmon resonance (LSPR) of the Ag nanoparticles transfers electromagnetic energy back and 

forth across the distance between the semiconductor and nanoparticle.42 In Chapter 6, we seek to 

study the electron transfer between Ag and TiO2 in an Ag-TiO2 film in order to distinguish between 

these processes and to quantify the electron transfer.  
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Figure 1.3. Representation of three processes that occur in metal nanoparticle-semiconductor 

systems. (a) Plasmon induced charge separation (PICS), or direct transfer, occurs when visible 

light excites the SPR in the metal nanoparticle and then a hot electron is injected into the 

conduction band (CB) of the semiconductor. (b) Co-catalysis effect occurs when an electron is 

excited into the CB of the semiconductor and then transfers into the metal nanoparticle. (c) 

Plasmonic nanoantenna effect occurs when the plasmonic nanoparticle (NP) and semiconductor 

are not in direct contact, but ~10 nm apart. Adapted from Chemical Science 2017, 8, 3325-3337. 

© 2017 Chemical Science.  

 

1.2.4   Transient Absorption (TA) Spectroscopy  

 

TA spectroscopy was used throughout the work presented in this dissertation to experimentally 

probe the excited-state dynamics and spectra in (Ga1-xZnx)(N1-xOx) nanoparticles and films of Ag 

nanoparticles embedded in mesoporous TiO2 (Ag-TiO2). TA spectroscopy is a pump-probe 

technique during which a pump pulse of monochromatic light of a chosen wavelength is used to 

photoexcite the sample (Figure 1.4.) Then, a probe pulse is sent through the sample at various time 

delays after the pump pulse. The probe pulse measures changes in the absorption spectrum of the 
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material after excitation with the pump pulse, resulting in a difference absorption spectrum, ΔA, 

which is calculated by comparing the probe absorption with and without excitation, and taking 

their difference. Monitoring the ΔA spectrum at a given wavelength over a range of time delays, 

results in a decay kinetic trace which holds information about the time evolution of the 

photoexcited states. In this dissertation, we perform experiments using visible and near infrared 

(NIR) TA spectroscopy. The visible TA spectroscopy utilizes a white light probe pulse to measure 

the absorption, while in the NIR an infrared probe pulse is generated. Experiments are performed 

at timescales from 0 to 8 ns and from 0.3 ns to 100 μs. 

 
Figure 1.4. Transient absorption (TA) spectroscopy. (a) Representation of the pump-probe 

experiment, where the pump pulse of a particular wavelength is sent through the sample, followed 

by a probe pulse at various time delays after the pump pulse. The probe pulse is then detected and 

the probe spectrum with and without excitation is used to determine the ΔA spectrum. (b) Typical 

TA spectroscopy data for (Ga1-xZnx)(N1-xOx) (ΔA(t,λ)). The TA spectrum can be extracted at a 

given time (purple traces) or at a particular wavelength (blue traces). 
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1.3   Summary and Outline of Dissertation 

This dissertation focuses on understanding the excited-state and optical properties of metal oxide 

nanocrystal systems; (Ga1-xZnx)(N1-xOx) nanoparticles and Ag-TiO2 films. Using various 

spectroscopic techniques, in particular, ultrafast transient absorption spectroscopy, we gain insight 

into the behavior of these materials upon illumination. 

 First, in Chapter 2, we describe the experimental methods used throughout this dissertation. 

Then, we explore the properties of two nanocrystal systems, first focusing on the (Ga1-xZnx)(N1-

xOx) nanoparticles. Chapter 3 begins the study of (Ga1-xZnx)(N1-xOx) nanoparticles using steady-

state measurements, in particular, diffuse reflectance spectroscopy. We apply a band fluctuations 

model to diffuse reflectance transformed Kubelka Munk plots to determine the Urbach tail energies 

and bandgaps in particles of varying composition and elemental distributions. In Chapters 4 and 

5, we use TA spectroscopy to understand the carrier dynamics in these particles. Chapter 4 focuses 

on a sample with a composition of x=0.40 that was synthesized at 650 °C. We find that spectral 

shifts in visible TA spectra can be modeled by the Burstein-Moss theory, which led to the 

determination of the reduced effective mass of excited carriers in these particle. In addition, a 

carrier recombination model was used to determine that trap mediated and Auger recombination 

occur on a fast timescale, while a broad distribution of trap states results in a long-lived carrier 

decay component. In Chapter 5, we further explore the excited-state signals in (Ga1-xZnx)(N1-xOx) 

with homogeneous and heterogeneous elemental distributions. We find that elemental distribution 

does not play a large role in the recombination kinetics of these materials. Chapter 5 also explores 

TA signals probed in the NIR where we observe free carrier recombination. In this chapter, we 

also studied electron scavenger experiments to determine whether signals observed in TA 

spectroscopy of (Ga1-xZnx)(N1-xOx) were due to electrons, holes, or both.  
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 The second nanocrystal system studied in this dissertation is Ag-TiO2, a film of silver 

nanoparticles embedded in mesoporous TiO2. Chapter 6 discusses TA spectroscopic studies 

performed on these Ag-TiO2 films. We explored the behavior of this system upon UV and visible 

illumination to observe electron transfer between Ag nanoparticles and TiO2. With UV excitation, 

electrons transfer from TiO2 to Ag, while with visible excitation, SPR excited electrons transfer 

into TiO2. Finally, Chapter 7 provides a summary of the work presented in this dissertation and an 

outlook for future experiments. 
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Chapter 2.     Methods 

 

2.1   Synthesis 

2.1.1   ZnGa2O4 Nanocrystal Synthesis 
 

All chemicals were purchased from Sigma-Aldrich and used without any additional purification. 

ZnGa2O4 nanoparticles were synthesized according to previously reported methods.25 2 mmol 

gallium acetylacetonate (Ga(acac)3, 99.99%), 1 mmol zinc acetylacetonate hydrate (Zn(acac)2, 

99.995%), 6 mmol oleic acid (≥99.0%), 5 mmol of 1,2 hexadecanediol (90%), 6 mmol oleylamine 

(70%), and 10 mL of benzyl ether (98%) were placed in a three-necked round bottom flask and 

were heated to 40 °C under Ar. The temperature was then increased to 100 °C while under vacuum, 

after the solution became optically transparent. This was done in order to remove excess O2 and 

H2O from the reaction. Then, the temperature was raised to 200 °C for 30 minutes under Ar. 

Finally, the reaction was heated to 280 °C for 2 hours. Once the solution cooled to room 

temperature, the resulting ZnGa2O4 nanoparticles were collected using centrifugation and purified 

using 5 mL of hexane and precipitated using 45 mL of ethanol. The particles were dried under 

vacuum.  

2.1.2   ZnO Nanocrystal Synthesis 
 

All chemicals were purchased from Sigma-Aldrich and used without further purification. ZnO 

nanocrystals were synthesized following previously reported methods.21 40 mmol of zinc chloride 

(ZnCl2, ≥98%) was dissolved in 200 mL of 1,2-ethanediol (99.8%) and heated to 150 °C in air. 

Then, 16 mL of a 5 M sodium hydroxide (NaOH) solution was added dropwise to the solution. 

The solution was constantly stirred using a stir bar and stir plate. The reaction temperature was 
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maintained at 150 °C. The solution was cooled to room temperature after all NaOH was added and 

a white powder formed. The resulting white powder was collected by sedimentation and the 

supernatant solution was decanted off. After the supernatant was discarded, the particles were 

washed with water five times to remove NaCl from the product. Finally, the ZnO nanoparticles 

were collected by centrifugation. They were then purified again three more times with water 

washes and then dried.  

2.1.3   Ligand Exchange Procedure for ZnGa2O4 Nanocrystals 

 

All chemicals were purchased from Sigma-Aldrich and used without further purification. The 

ligand exchange procedure was previously published.25 ZnGa2O4 nanocrystals are synthesized 

with native ligands allowing for solubilization in non-polar solvents. We needed to exchange for 

hydrophilic ligands. Therefore, the ZnGa2O4 ligands were exchanged for 3-mercaptopropionic 

acid (3-MPA, ≥99.0%) using a modified synthesis previously reported.43 0.5 g of 3-MPA was 

dissolved in 3 mL of methanol. Tetramethyl ammonium hydroxide (≥97%) was added until the pH 

reached 11. Then, 60 mg of ZnGa2O4 nanoparticles were dispersed in 3 mL of hexane. To 

precipitate out ZnGa2O4 particles from this solution, 15 mL of ethanol was added. The 3-MPA 

solution was added to the hexane/ethanol/ZnGa2O4 mixture and stirred. 25 mL of toluene was 

added after the solution became optically clear, which indicated ZnGa2O4 solubility in polar 

solvents and then ZnGa2O4
 particles with new ligands were collected by centrifugation. Finally, 

the resulting solid was dried under vacuum and then dissolved in 5 mL of water, washed with 20 

mL of toluene, and 25 mL of ethanol, and collected by centrifugation and dried again.  

2.1.4   (Ga1-xZnx)(N1-xOx) Nanocrystal Synthesis 

 

All chemicals were purchased from Sigma-Aldrich and used without further purification. 

Synthesis of (Ga1-xZnx)(N1-xOx) was previously published.25 ZnO and MPA-capped ZnGa2O4 
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nanoparticles were synthesized as solids. ~100 mg total (mass quantities were determined based 

on the desired Zn content or x value in the resulting particles) of ZnO and ZnGa2O4 nanoparticles 

were dispersed in a 1:1 water-ethanol mixture and sonicated to evenly mix the particles. The 

resulting slurry was deposited on a glass slide on a heating mantle set to ~100 °C to evaporate the 

solvent. The dry solid was scraped off the glass slide into an alumina boat which was then placed 

into a quartz tube furnace (Across International model STF 1200). Argon was flowed through the 

sealed furnace (without heating) for 1 hour. Then, ammonia gas (NH3, 99.99%, Airgas) was flowed 

through the furnace at a flow rate of 100 mL/min. The temperature was set to either 650 °C or 800 

°C for 10 hours. 

2.1.5   (Ga1-xZnx)(N1-xOx) Solubilization 

 

The synthesis method for (Ga1-xZnx)(N1-xOx) nanoparticles, described above, produces particles as 

an insoluble powder. In order to perform absorption experiments, the particles were solubilized 

using surface functionalization with octadecyltrimethoxysilane (ODTMS), as previously 

published.35 20 mg of (Ga1-xZnx)(N1-xOx) powder was dispersed in 6 mL of toluene (HPLC Plus, 

≥99.0%) with continuous sonication. Then, 0.15 mL butylamine (99.5%, Sigma Aldrich) and 0.4 

mL of ODTMS (90%, Sigma Aldrich) ligand solution were added. The solution was sonicated for 

4.5 hours at a temperature of 30 °C. After sonication, in order to precipitate the solubilized 

particles, the solution was washed with 2-propanol (99%, Fisher Scientific). The resulting 

precipitated particles were dried and pumped into a glovebox. Finally, the ODTMS-(Ga1-xZnx)(N1-

xOx) nanocrystals were re-dissolved in toluene. Particles were kept airfree for future use.  

2.1.6   Electron Scavenger Experiment Sample Preparation 

 

Methylene blue (MB, ≥82%, Sigma Aldrich) was used as an electron scavenger in solution with 

(Ga1-xZnx)(N1-xOx). A small amount (<1 mg) of methylene blue powder was dropped into the 
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toluene solution of oxynitride particles and sonicated for a few minutes. The solution was placed 

in an airfree cuvette with a Kontes valve for transient absorption studies.  

2.1.7   Ag-TiO2 Film Synthesis 

 

Mesoporous TiO2 films were synthesized using the Evaporation Induced Self Assembly (EISA) 

technique.  During a typical synthesis, 1 g of Pluronic® P-123, used as structuring agent, is added 

to a solution of TBT (3.4 g), HCl (3.2 g) and EtOH (12 g). The molar ratio of Ti:H2O: HCl is 

1:11.2:3.22. Films are then deposited by a dip-coating method on quartz substrates, at 2 mm.s-1. 

The films are aged under ambient conditions (T=23°C, RH=40-50%) for 24 h then calcinated at 

400°C during 4 h, with a heating ramp of 1°C.min-1. 

In order to form silver NPs inside the mesoporous titania film, an impregnation method is 

used. Briefly, an ammonia silver solution is prepared by adding ammonium hydroxide solution 

(25%) to a silver nitrate aqueous solution (50 mM), until a clear solution is obtained. The 

mesoporous films are immersed in this solution for 15 minutes. Then the silver ions are chemically 

reduced using formaldehyde. Films are immersed for 15 min at 80°C in a solution of 12 mM of 

formaldehyde in ethanol. The resulting films are washed with water and stored away from light. 

2.2   Spectroscopy 

2.2.1   Diffuse Reflectance Spectroscopy 

 

Diffuse reflectance (DR) spectra were recorded using a Shimadzu UV-3600 spectrophotometer 

and an Agilent Cary 60 spectrophotometer, both equipped with an integrating sphere. For the 

Shimadzu UV-3600 spectrophotometer, BaSO4 was used as a reflectance reference material and 

in the Agilent Cary 60 spectrophotometer a 100 % reflectance standard Halon puck was used as 

the reference. The acquired spectra and their reference spectra were used to convert to Kubelka-

Munk plots using the Kubelka-Munk equation [𝐹(𝑅∞ = (1 − 𝑅∞)2/2𝑅∞;  2𝑅∞ = 
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Rsample/Rreference]. Samples for DR measurements were prepared by suspending the solid powder in 

ethanol and then drop casting onto a glass slide.  

2.2.2   Ultraviolet-Visible Spectroscopy 

 

Ultraviolet-Visible Spectroscopy was conducted using an Agilent 8453 UV-Vis 

spectrophotometer and an Agilent Cary 60 spectrophotometer. Samples were measured in 1 cm 

quartz cuvettes or 2 mm airfree quartz cuvettes. Film samples were held in the absorption beam 

path for measurements.  

2.2.3   Transient Absorption (TA) Spectroscopy 

 

Femtosecond TA spectroscopy measurements were obtained using a regeneratively amplified 

Ti:sapphire laser (Solstice, Spectra-Physics, 800 nm, 100 fs, 1 kHz, 3.5 mJ/pulse), an optical 

parametric amplifier (TOPAS-C, Light Conversion), and the HELIOS spectrometer (Ultrafast 

Systems, LLC), for short timescale (100 fs – 3 ns) measurements. A fraction of the Solstice output 

(800 nm) was used to pump the TOPAS-C in order to produce the desired pump wavelength for 

exciting the sample (340 nm for (Ga1-xZnx)(N1-xOx) measurements and 300 nm and 450 nm for 

Ag-TiO2 measurements). The pump pulse was focused through the sample after being directed 

through various neutral density filters, a depolarizer, and a synchronized 500 Hz chopper. The 

other fraction of the 800 nm Solstice output was used to generate the white-light continuum to be 

used for absorbance measurement as the probe pulse. A CaF2 crystal was used to generate the 

white light continuum from 340-700 nm in some experiments, and a sapphire plate to generate a 

continuum from 450-800 nm in other experiments. Each respective use of white light probe will 

be specified in the Chapters to follow. The probe beam was focused onto the sample and 

overlapped with the pump pulse and the pump-probe time delay was controlled using a motorized 
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delay stage. Finally, the probe beam was detected by a CMOS sensor with and without excitation 

which resulted in the change in absorbance (ΔA).  

Measurements for other experiments which will be specified in the next Chapters were also 

made from 100 fs – 8 ns using a HELIOS spectrometer (Ultrafast Systems, LLC) with a longer 

delay stage and a sapphire crystal to generate a white light continuum probe pulse (450 nm-800 

nm) and a sapphire crystal was used to generate a near infrared (NIR) probe pulse (800-1600 nm). 

Signals in this spectrometer were also detected using a CMOS sensor and resulted in data 

represented as ΔA.  

Long timescale TA measurements of 0.3 ns to 100 μs were performed using an EOS 

spectrometer (Ultrafast Systems, LLC). The pump pulse was again generated as described above, 

however was not chopped as it was using the HELIOS spectrometer. The white light probe beam 

(400-900 nm, 0.3 ns, 2 kHz) was generated using a Nd:YAG laser that was focused into a photonic 

crystal fiber. In the EOS spectrometer, the delay between the pump and the probe beams was 

controlled by an electronic delay generator (CNT-90, Pendulum Instruments). The probe beam 

was detected using the CMOS sensor.  

All TA experiments were conducted at room temperature. The TA experiments for (Ga1-

xZnx)(N1-xOx) in toluene were all carried out in an airfree (sealed under Ar)  2 mm quartz cuvette 

with Kontes valves. The samples were constantly stirred by a stir bar using a magnetic stirrer. All 

of the TA spectra were background subtracted, chirp-corrected using the instrument response 

function (IRF) determined from TA data of toluene, and time zero corrected. TA experiments for 

Ag-TiO2 films were conducted in air. The film was checked for degradation between sample runs. 

All data was background subtracted and time zero corrected.  
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2.2.4   Photoluminescence Spectroscopy 

 

Photoluminescence spectra were obtained using a Hitachi F-2500 Fluorescence 

Spectrophotometer with an excitation wavelength of 340 nm using 5 nm slit width, 700 V PMT 

voltage, and 0.08 s response. 

2.3   ICP-OES 

To determine the x value in (Ga1-xZnx)(N1-xOx), elemental analysis by Inductively coupled plasma-

optical emission spectrometry) (ICP-OES) for Zn and Ga was conducted using ARL 3410+ 

inductively coupled optical emission spectrometer. Powder samples were prepared by placing a 

small spatula tip of powder in a vial. Solubilized liquid samples were prepared by measuring a 2 

mL aliquot of known absorbance value from UV-VIS spectroscopy and then evaporating off the 

sample. All samples were digested in nitric acid prior to measurement. Samples were all analyzed 

in triplicate.  

2.4   Transmission Electron Microscopy (TEM) 

For transmission electron microscopy studies, the powder samples were prepared by dropping 

dilute suspensions of nanoparticles onto TEM grids. Solubilized samples in toluene were dropped 

directly onto the grids. TEM grids used were lacey carbon films supported by copper 300 mesh 

grids.  

 Low resolution TEM images were obtained using a FEI Tecnai Spirit BioTwin operating 

at 120kV. The instrument was equipped with a side-mount AMT (2k x 2k) CCD. Images were 

analyzed using ImageJ software.44 

 High resolution TEM (HRTEM) images were obtained using a FEI Technai F20 FEG TEM 

operating at 200 kV. This instrument was equipped with a bottom-mounted 4k x 4k Gatan 
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Ultrascan 895 CCD camera. HRTEM images were also acquired at 300 keV using FEI Titan 

Themis (S)TEM equipped with 4k x 4k Ceta camera. 

2.5   X-ray Diffraction 

Powder X-ray Diffraction (XRD) patterns for (Ga1-xZnx)(N1-xOx) were collected on a Rigaku 

Dmax diffractometer using a Cu Kα radiation source (λ=0.1540562 nm). Solid samples were 

prepared by dispersion in ethanol and drop casting onto a glass slide while heating. Solubilized 

samples were dropped directly onto the glass slide and heated to evaporate off the toluene. For 

preparation of the solubilized samples, the drop was followed using Ar through a needle in order 

to concentrate the sample to a small point on the glass slide. The XRD patterns were recorded from 

2θ of 25 to 85° with a step size of 0.02°.  
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Chapter 3.     Optical Properties of (Ga1-xZnx)(N1-xOx) Nanoparticles 

 

3.1   Introduction 

(Ga1-xZnx)(N1-xOx) is a solid solution of ZnO and GaN with an intriguing visible bandgap that is 

tunable with composition. While ZnO and GaN, the parent materials of (Ga1-xZnx)(N1-xOx) absorb 

ultraviolet (UV) light, the solid solution absorbs visible light. Originally, this material was 

synthesized in its bulk form and shown to have water splitting capability.11,12,15,17,45 However, the 

quantum efficiency of water-splitting has never exceeded 20%.23 Our group successfully 

synthesized (Ga1-xZnx)(N1-xOx) on the nanoscale as a means to improve catalytic activity.25 Later, 

we discovered that the solid state synthesis method used to produce these particles on the nanoscale 

results in (Ga1-xZnx)(N1-xOx) particles with a heterogeneous distribution, with Zn and O localized 

in the center of the particle and Ga and N on the edge, when synthesized at 650 °C.34 We also 

found that a homogenous distribution with all four composing elements evenly distributed around 

the particle results when particles are synthesized at 800 °C.34 The optical properties of these 

materials are still not completely understood. 

Theoretical predictions about the nature of visible absorption predict that orbital repulsion 

resulting from all four elements in the same crystal lattice results in a shift upwards of the valence 

band, narrowing the bandgap.12,46-50 It has also been predicted that (Ga1-xZnx)(N1-xOx) is a direct 

bandgap absorber.51,52 All of these properties are important for understanding how (Ga1-xZnx)(N1-

xOx) behaves as a light absorber, and useful for future material synthesis.  

In this chapter, we focus on studying the optical properties in (Ga1-xZnx)(N1-xOx) 

nanoparticles. In particular, we studied (Ga1-xZnx)(N1-xOx) synthesized at 650 °C and 800 °C to 

compare optical properties in the heterogeneous versus homogeneous particles, respectively. 
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Using diffuse reflectance spectroscopy to measure the absorbance of the particles and a band 

fluctuations model to determine the bandgap and Urbach energies in the particles, we sought to 

understand what differences in properties result from different elemental distributions.  

3.2   Materials and Methods 

3.2.1   Chemicals 

 

Gallium acetylacetonate (Ga(acac)3, 99.99%), zinc acetylacetonate hydrate (Zn(acac)2, 99.995%), 

oleic acid (≥99.0%), oleylamine (70%), 1,2-hexadecanediol (90%), benzyl ether (98%), 3-

mercaptopropionic acid (3-MPA, ≥99.0%), zinc chloride (ZnCl2, ≥98%), tetramethylammonium 

hydroxide pentahydrate (≥97%), hexane (99%), toluene (99.5%), were purchased from 

SigmaAldrich. Sodium hydroxide (NaOH pellets, 99.3%), 2-propanol (99.9%) and methanol 

(99.9%) were purchased from Fisher Scientific. Ammonia (99.99%) was purchased from Airgas. 

1,2-Ethanediol (99.8%) was purchased from Macron Fine Chemicals. Ethanol (95%) was 

purchased from Decon Laboratories. All chemicals used for the synthesis were purchased 

commercially and used without additional purification.  

3.2.2   (Ga1-xZnx)(N1-xOx) Nanoparticle Synthesis 

 

(Ga1-xZnx)(N1-xOx) nanocrystals were synthesized as previously published and described in 

Chapter 2.25,34  

3.3   Characterization 

3.3.1   Transmission Electron Microscopy 

 

Elemental mapping using energy-dispersive X-ray spectroscopy in a scanning transmission 

electron microscope (STEM-EDS) was performed on FEI Titan and FEI Talos F200X microscopes 

which were equipped with a Super-X EDS system (four silicon drift detectors, SDDs), and were 
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operated at 80 and 200 kV, respectively. Analysis of STEM-EDS data was performed using Bruker 

Esprit software. 

3.3.2   Diffuse Reflectance Spectroscopy 

  

Diffuse reflectance (DR) spectra were recorded using a Shimadzu UV-3600 spectrophotometer 

and an Agilent Cary 60 spectrophotometer, both equipped with an integrating sphere. The 

presented absorbance spectra were acquired by converting the reflectance data to Kubelka-Munk 

plots using the Kubelka-Munk equation [𝐹(𝑅∞ = (1 − 𝑅∞)2/2𝑅∞;  2𝑅∞ = Rsample/Rreference], 

where Rreference is measured using a 100% reflectance standard. 

3.3.3   Photoluminescence Spectroscopy 

  

Photoluminescence spectra were obtained using a Hitachi F-2500 Fluorescence 

Spectrophotometer with an excitation wavelength of 340 nm. 

3.4   Results and Discussion 

Samples of (Ga1-xZnx)(N1-xOx) nanoparticles synthesized at 650 °C have been previously studied 

and shown to have a considerable degree of compositional heterogeneity.25,26,34 In particular, the 

four elements composing (Ga1-xZnx)(N1-xOx) nanoparticles were found to be unevenly distributed 

throughout the particles, where Ga and N are concentrated towards the edges of the particles, and 

Zn and O towards the center.34 As the reaction temperature was increased to 800 °C, homogeneity 

in the particles increased, with all four elements being evenly distributed throughout the particles. 

This is shown in energy dispersive X-ray spectroscopy (EDS) elemental maps in Figure 3.1, for 

samples with x equal to approximately 0.35.34 In the elemental maps, the elemental distributions 

are apparent, with particles synthesized at 800 °C having a more homogenous distribution of the 

elements, while the particles synthesized at 650 °C have a more “core-shell” like structure. Here, 
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we seek to understand how the optical properties in (Ga1-xZnx)(N1-xOx) nanoparticles are 

influenced by these differences in elemental distribution. 

 
Figure 3.1. EDS elemental maps of (Ga1-xZnx)(N1-xOx) nanoparticles synthesized at 650 °C (a) 

and 800 °C (b) with x value approximately equal to 0.35. Adapted from ACS Nano 2017, 11, 8401-

8412. © 2017 ACS Nano. 

 

3.4.1   Steady-State Absorption Measurements 

 

Here, we analyze the optical properties of the homogenous and heterogeneous nanoparticles using 

steady-state measurements of the solid samples. As synthesized, particles are in their solid powder 

form. Diffuse reflectance measurements were used in order to study the absorbance spectra of the 

particles obtained directly from synthesis in their powder form.   

First, understanding the excited state behavior led us to propose a possible band diagram 

for (Ga1-xZnx)(N1-xOx) nanoparticles. As previously published, transient absorption analysis of a 

Zn rich sample with x=0.73 shows that the decay kinetics of the visible and UV-bleach are similar 

and thus share an electronic state.35 The proposed band diagram for a Zn rich (Ga1-xZnx)(N1-xOx) 
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is shown in Figure 3.2, where the valence band edge is composed of orbitals that result from the 

mixing of GaN and ZnO orbitals, while the conduction band edge arises from ZnO orbitals. This 

also agrees with theoretical predictions, where the visible absorption originates from a transition 

between a valence band that arises from mixing ZnO and GaN, and a conduction band that contains 

mostly Zn and O orbitals.27,29,31 It is possible that a Ga rich particle would be composed of a 

conduction band that contains mostly Ga and N orbitals. This has also been theoretically 

explored.29 The current proposed band diagram assumes a direct transition in (Ga1-xZnx)(N1-xOx). 

Spectral shape analyses have also suggested that (Ga1-xZnx)(N1-xOx) is a direct bandgap 

semiconductor.51,52 

 
Figure 3.2. Proposed band diagram for a (Ga1-xZnx)(N1-xOx) nanoparticles with high x value 

(x>0.5) where the valence band (VB) is composed of ZnO orbitals and a mix of ZnO and GaN 

orbitals, and the conduction band (CB) orbitals are ZnO-like.  

 

We had previously reported that (Ga1-xZnx)(N1-xOx) particles behave like direct bandgap 

semiconductors.35 Both theoretical results using spectral shape analysis, and experimental values 

of molar absorptivity (ε) and absorption coefficient (α) led us to this conclusion.29,53 (Ga1-xZnx)(N1-

xOx) nanoparticles have large absorption coefficients and molar absorptivities. For example, 

sample (Ga0.6Zn0.4)(N0.6O0.4) which is studied extensively using transient absorption (TA) 
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spectroscopy in Chapter 4, has an ε value of about 1,300 cm-1 Mcation
-1 at 340 nm and an absorption 

coefficient of about 2.0x105 cm-1. The strength of absorption is comparable to that in bulk GaAs 

and theoretically predicted values for the direct bandgap absorption in (Ga1-xZnx)(N1-xOx).
54 

Therefore, we think that there must be a direct transition in this material, rather than indirect or 

impurity-based transitions. However, upon further investigation, it remained possible that we 

could observe an indirect transition below the direct transition.  

One method used to calculate bandgaps in semiconductors, from absorption spectroscopy, 

utilizes the Tauc equation given in equation (3.1), where α is the absorption coefficient, hν is the 

photon energy, n is a value of 2 or ½, A is a proportionality constant, and Eg is the bandgap energy.  

(𝛼ℎ𝜈)𝑛 = 𝐴 (ℎ𝜈 − 𝐸𝑔)                                                     (3.1) 

This equation assumes parabolic band dispersion to express the energy dependence of optical 

transition strengths. Values of n equal to 2 and ½, indicate whether the transition is direct or 

indirect, respectively. As a result, when plotting (αhν)2 and (αhν)1/2 vs hν, their linearity can 

determine the nature of transitions. Using the Kubelka-Munk equation, diffuse reflectance spectra 

collected for samples with x=0.38 (650 °C) and x=0.35 (800 °C) were transformed to absorption 

spectra. Using the absorption spectra, Tauc plots were constructed assuming direct and indirect 

absorption and are shown in Figure 3.3. Both the (ahν)2 and the (ahν)1/2 dependence on energy are 

linear. In fact, the (ahν)1/2 plot appears to have a more distinct linear region than the (ahν)2. This 

could indicate that (Ga1-xZnx)(N1-xOx) has an indirect transition, as well as a direct.  
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Figure 3.3. Tauc plots with linear fits for a direct (αhν)2 and indirect (ahν)1/2 bandgap in (Ga1-

xZnx)(N1-xOx) with x=0.38 synthesized at 650 °C (a) and with x=0.35 synthesized at 800 °C. 

 

Linear fits were performed on the Tauc plot spectra, as indicated in Figure 3.3, for samples 

with varying composition and elemental distribution. Such linear fits yield the bandgap values for 

the direct and indirect transitions and are shown in Figure 3.3. From Figure 3.4, it is clear that in 

both the homogenous and heterogeneous samples (650 vs. 800 °C), the indirect transition is about 

370 meV below the direct transition. We know that the direct transition must be responsible for 

the large absorption coefficient of the material, however, we do not have clear evidence whether 

there is in fact an indirect transition below it. We also note that for both bandgap measurements, 

we see the trend of decreasing bandgap with increasing x value, which has been previously 

reported for various (Ga1-xZnx)(N1-xOx) samples.25,34 Theoretical predictions do not indicate the 
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presence of an indirect bandgap in (Ga1-xZnx)(N1-xOx), however, we pursued to understand if this 

was a possibility.  

 
Figure 3.4. Values for direct (purple trace) and indirect (blue trace) bandgap obtained from Tauc 

plot fits of samples with various x values at 650 °C (circle markers) and 800 °C (square markers). 

 

(Ga1-xZnx)(N1-xOx) particles exhibit negligible photoluminescence, as shown in Figure 3.5, 

where the particles in solution have less PL response than constituents in solution, including 

ODTMS and butylamine, which are used in the solubilization procedure. In a direct gap 

semiconductor, radiative recombination is expected, while in an indirect gap semiconductor, where 

emission requires a third, momentum conserving particle to be involved, the luminescence yield 

is smaller.55 Relaxation in indirect semiconductors is usually dominated by nonradiative processes. 

However, as we will discuss in Chapters 4 and 5, we found that the nonradiative process of Auger 

recombination occurs in (Ga1-xZnx)(N1-xOx). In addition, we observe long-lived average carrier 

lifetimes, <τ>, in (Ga1-xZnx)(N1-xOx), as was previously published for (Ga0.73Zn0.27)(N0.73O0.27) and 

will be reported for sample (Ga0.6Zn0.4)(N0.6O0.4) in Chapter 4.35 The lifetime of carriers in indirect 
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materials is expected to be between 1 μs and many μs, while direct bandgap materials exhibit much 

faster recombination lifetimes in the sub-ns range.55 This could potentially support the claim of an 

indirect transition.  

 
Figure 3.5. Photoluminescence (PL) spectra of (Ga1-xZnx)(N1-xOx) (blue trace) in toluene 

compared to other entities in solution, including ODTMS (purple trace) and  butylamine (green 

trace). Sample was excited with 340 nm and peak at ~380 nm-1 is due to Raman scattering. 

   

Given the Tauc plots and excited state decay information, we cannot conclusively confirm 

the presence of an indirect transition in the (Ga1-xZnx)(N1-xOx). It is often difficult to use a Tauc 

plot for determining the bandgap and nature of transitions. Finding an arbitrary linear region, in 

particular, can be difficult due to the possible overlap of the direct bandgap region with disorder 

induced localized states and extended states.56,57  The typical shape of an absorption spectrum of 

a disordered system has three regions.55 The first region is where the absorption is weak and is 

caused by impurities in an alloy or amorphous semiconductor, or free carrier absorption. The 

second is the Urbach tail region where the absorption coefficient increases exponentially as photon 

energy increases and can be attributed to inhomogeneity, defects, and disorder. Finally, the third 

region is the Tauc regime, where the absorption is comprised of transitions into extended states. 

Various alloy semiconductors such as ZnSe1-xTex and CdS1-xSex exhibit absorption spectra with 
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these three regions.55 (Ga1-xZnx)(N1-xOx) also exhibit such behavior. Figure 3.6 shows the Kubelka 

Munk transformed diffuse reflectance spectrum of sample x=0.38 synthesized at 650 °C. The free 

carrier absorption, Urbach tail, and direct bandgap transition are labeled. From this spectrum, it is 

clear that the Urbach tail region and direct bandgap transition, or Tauc region, overlap. Mainly, it 

is not entirely clear where the Tauc region begins. Therefore, it is useful to use a different model, 

than to simply fit the linear region in a Tauc plot, in order to determine the bandgap and nature of 

the transition.  

 
Figure 3.6. Diffuse reflectance transformed Kubelka Munk plot of (Ga1-xZnx)(N1-xOx) with x= 

0.38 synthesized at 650 °C. The free carrier absorption, Urbach tail, and Direct Bandgap (Tauc) 

regions are labeled. 

 

A model used by Guerra et al is shown in equation (3.2).56 This model, called the band 

fluctuations model, includes both a direct bandgap fit to absorbance data, as well as a fit to the 

Urbach tail, which is present in our samples. In this model, α0 contains the joint density of states 

term, and the electronic transition matrix element, β is the Urbach slope which defines how large 

the band fluctuations are (the reciprocal of β is taken as Eu or the Urbach energy), Eg is the direct 

bandgap, and Li1/2 is the ½ order polylogarithm function.56,58,59  
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α(ℏω) =  −
α0

ℏω
√

π

β
 Li1

2

(−eβ(ℏω−Eg))                                            (3.2) 

Using this band fluctuations model to fit absorbance data of various (Ga1-xZnx)(N1-xOx) samples, 

we can define the bandgap energy of the direct bandgap and the Urbach energy.  

Figure 3.7 shows fits to equation (3.2) on diffuse reflectance transformed Kubelka Munk 

plots for samples with various x values, synthesized at 650 °C. These results clearly fit in the 

Urbach and Tauc regime. It is evident that as the x value, or ZnO content, increases, there is a 

second region in the spectrum that cannot be fit using this expression. This second transition in the 

UV region is a result of the inhomogeneity and more Zn content in the 650 °C synthesized samples. 

The second transition has ZnO band edge character. In order to understand how the inhomogeneity 

in (Ga1-xZnx)(N1-xOx) affects the Urbach energies, we also used the band fluctuations model to fit 

the absorbance of homogenous samples synthesized at 800 °C. The results are shown in Figure 

3.8, where the band fluctuations model fits most compositions in the full spectral window. This is 

different from the 650 °C samples, where we observed the distinct UV transition. While it is 

difficult to directly compare the samples, because high Zn content compositions are not achievable 

at 800 °C, it is clear that the UV transition is not as prevalent in the homogeneous samples.  
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Figure 3.7. Diffuse reflectance transformed Kubelka Munk plots of various (Ga1-xZnx)(N1-xOx) 

nanoparticles with different x values synthesized at 650 °C. Fits to band fluctuations model given 

in equation (3.2) are shown in black and were performed below the UV (ZnO) transition region.  
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Figure 3.8. Diffuse reflectance transformed Kubelka Munk plots of various (Ga1-xZnx)(N1-xOx) 

nanoparticles with different x values synthesized at 800 °C. Fits to band fluctuations model given 

in equation (3.2) are shown in black. 
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The values obtained from fits to the band fluctuations model (equation (3.2)) for bandgap 

energy (Eg) and Urbach energy (Eu) were plotted in Figures 3.9 and 3.10, respectively. We find 

that the bandgap values exhibit a similar trend, that has been previously observed, where the 

bandgap decreases with increasing Zn content (x value).25,34 The Urbach energies for homogenous 

samples synthesized at 800 °C seem to remain similar as x value increases and have an average 

Urbach energy of 0.16 eV. The samples synthesized at 650°C have a more prominent trend in 

Urbach energies, where the Urbach energy increases with increasing x value. The average Urbach 

energy for these samples is 0.18 eV. Values of 160 meV and 180 meV for homogenous and 

heterogeneous samples, respectively, are on the order of what we would expect from an alloyed 

system. Very large Urbach energies of 100s of meV are present in alloys such as InGaN.30,32 On 

average, there does not appear to be a significant difference between the Urbach energies for 

homogenous vs. heterogeneous samples. However, the small increase in the Urbach tail for the 

heterogeneous samples, with increasing Zn content, could be a result of greater inhomogeneity as 

the ZnO content increases as well as an increase in crystal lattice strain. Therefore, we can conclude 

that the Urbach tail observed in both samples is due to disorder and defects in the particles and the 

increase in the Urbach energy observed for higher Zn content samples is due to the heterogeneity 

in the elemental distribution in the particles.  
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Figure 3.9. Trends in bandgap (Eg) values at various x values in (Ga1-xZnx)(N1-xOx) synthesized at 

650 °C (blue squares) and 800 °C (purple circles). Error bars show error obtained from fits to band 

fluctuations model (equation (3.2)).  

 

 
Figure 3.10. Trends in Urbach energies (Eu) at various x values in (Ga1-xZnx)(N1-xOx) synthesized 

at 650 °C (blue squares) and 800 °C (purple circles). Error bars show error obtained from fits to 

band fluctuations model (equation (3.2)). 

 

3.5   Conclusions 

 Understanding optical properties of complex materials is important for their use in light 

absorption applications. (Ga1-xZnx)(N1-xOx), a solid solution of GaN and ZnO, has unique optical 

properties relevant to solar fuel generation. (Ga1-xZnx)(N1-xOx) nanoparticle optical properties were 

explored using various spectroscopic techniques. Upon analysis of Tauc plots, created for a direct 
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and indirect transition, it was not clear whether only a direct transition or both a direct and indirect 

transition occur. Perhaps an experimental technique, such as resonant inelastic X-ray scattering, 

could determine whether there is in fact an indirect transition below the strong direct transition, 

such as that observed in monoclinic BiVO4.
60  

We also fit diffuse reflectance transformed Kubelka Munk plots to a band fluctuations 

model, where the transition is assumed to have both an Urbach tail and direct bandgap. The fits 

matched well with experimental data, so perhaps there is only a direct bandgap along with defect 

states, rather than an indirect bandgap. We determined that Urbach energies in (Ga1-xZnx)(N1-xOx) 

nanoparticles are similar for samples with different elemental distributions. However, particles 

with higher Zn content had larger Urbach energies, which could be explained by the increase in 

heterogeneity as more ZnO is added to the particles. Large Urbach energies of 100s of meV in 

both homogeneous and heterogeneous samples led to the conclusion that the Urbach tail is largely 

dominated by defects and disorder, which must be present in both types of particles.   
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Chapter 4.     Excited-State Dynamics of (Ga1-xZnx)(N1-xOx) 

Nanocrystals 

 

4.1   Introduction 

Direct solar fuel generation utilizing semiconductor light absorbers is a promising strategy to 

address modern issues in energy production.9,61  Unfortunately, suitable semiconductors for fuel 

production are rare, as they must combine properties of visible light absorption, resistance to 

photooxidation, catalytically suitable band potentials, and long-lived excited states.62,63 Such 

requirements have revealed the need for new semiconductors with multinary compositions to 

control material stability and band gap.64,65 However, many of the excited-state properties of such 

materials are still not well understood.51 It is necessary to gain information about the excited-state 

behavior of multinary semiconductors in order to enhance their performance as viable sources of 

solar energy harvesters.   

One intriguing material which meets the criteria for a strong candidate for solar fuel 

generation is (Ga1-xZnx)(N1-xOx). Nanocrystals of (Ga1-xZnx)(N1-xOx) have strong visible 

absorption, comparable to direct bandgap semiconductors, which can be tuned based on 

composition.25,26,35 In other words, the x value, or ZnO content, determines the bandgap. (Ga1-

xZnx)(N1-xOx) has been shown to be capable of splitting water into H2 and O2 under visible light 

illumination.11-22,66 However, the quantum efficiency of water-splitting has never exceeded 20%, 

indicating significant energy-loss pathways present within the material.23 It is important to learn 

what limits water-splitting quantum efficiency, whether it is a result of properties inherent to the 

material, such as fast carrier lifetimes, or properties such as defects which could potentially be 

controlled through synthetic methods. In order for water-splitting to occur in the (Ga1-xZnx)(N1-
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xOx) nanocrystals upon excitation, the electron and hole need to be transferred to catalytic sites to 

perform their respective half reactions, where the electron produces H2 and the hole, O2. To have 

an efficient photocatalyst for water-splitting, the electron and hole transfer need to compete with 

fast recombination processes. Understanding the excited-state decay pathways available to these 

nanocrystals gives further insight into its ability to be used as a photocatalyst for water-splitting. 

In order to gain insight into why the (Ga1-xZnx)(N1-xOx) have such strong visible absorption, but 

poor photochemical quantum yield, it is necessary to understand their carrier dynamics. Transient 

absorption (TA) spectroscopy can be used to study the carrier dynamics, where the excited-state 

decay kinetics can be monitored upon excitation. By monitoring the behavior of excited-state 

carriers in (Ga1-xZnx)(N1-xOx), we can better understand how the electron and hole could be used 

for solar water-splitting.  

Here, we report the excited-state dynamics of (Ga1-xZnx)(N1-xOx) nanocrystals with x=0.4. 

Using transient absorption spectroscopy, we monitor the decay kinetics of the visible absorption 

feature. We reveal a power dependent carrier filling which allowed us to explore properties about 

(Ga1-xZnx)(N1-xOx) nanocrystals that were previously unknown, including the reduced effective 

mass of the electron and hole. Furthermore, we explain the carrier decay kinetics using a model 

for recombination for short and long-lived decay components and determine recombination rate 

constants for trap mediated and Auger recombination. We believe that by studying the excited- 

state decay dynamics in this material, we can gain further insight into design of new and efficient 

materials for solar fuel generation. 



37 

 

 

4.2   Materials and Methods 

4.2.1   Chemicals 

 

Zinc acetylacetonate hydrate (Zn(acac)2, 99.995%), gallium acetylacetonate (Ga(acac)3, 99.99%], 

1,2-hexadecanediol (90%), oleic acid (≥99.0%), oleylamine (70%), benzyl ether (98%), zinc 

chloride (ZnCl2, ≥98%), 3-mercaptopropionic acid (3-MPA, ≥99.0%), tetramethylammonium 

hydroxide pentahydrate (≥97%), hexane (99%), toluene (99.5%), octadecyltrimethoxysilane 

(ODTMS, 90%), butylamine (99.5%), toluene (HPLC Plus, ≥99.0%), and methylene blue (≥82%) 

were purchased from SigmaAldrich. Sodium hydroxide (NaOH pellets, 99.3%), 2-propanol 

(99.9%) and methanol (99.9%) were purchased from Fisher Scientific. 1,2-Ethanediol (99.8%) 

was purchased from Macron Fine Chemicals. Ethanol (95%) was purchased from Decon 

Laboratories. Ammonia (99.99%) was purchased from Airgas. All chemicals were purchased 

commercially and used without additional purification.  

4.2.2   (Ga1-xZnx)(N1-xOx) NC Synthesis 

 

(Ga1-xZnx)(N1-xOx) nanocrystals were synthesized as previously described and outlined in full 

detail in Chapter 2.25,26 A powder mixture of 3-MPA capped ZnGa2O4 and ZnO nanoparticles were 

placed into an alumina boat which was then placed into a tube furnace (Across International model 

STF 1200). The starting mixture of particles was heated to 650 °C under a constant flow of 

ammonia gas for 10 hours. The resulting product is a powder that was stored in a vial for future 

use.  

4.2.3   (Ga1-xZnx)(N1-xOx) NC Solubilization 

 

The synthesis method described produces particles as an insoluble powder. The particles were 

functionalized with octadecyltrimethoxysilane (ODTMS) ligands, as previously published and 
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described in Chapter 2, so that the particles were soluble in toluene.35  ODTMS-(Ga1-xZnx)(N1-xOx) 

nanocrystals were dissolved in toluene and kept airfree for future use.  

4.2.4   Characterization 

 

Elemental analysis of Zn and Ga were obtained using an ARL 3410+ ICP-OES. UV-Vis absorption 

spectra were recorded using an Agilent 8453 UV-Vis spectrophotometer and diffuse reflectance 

spectra were collected on an Agilent Cary 60 spectrophotometer. Diffuse reflectance spectra were 

converted to a Kubelka-Munk plot using the equation [𝐹(𝑅∞) = (1 − 𝑅∞)2/2𝑅∞;  𝑅∞ =

 𝑅𝑠𝑎𝑚𝑝𝑙𝑒/𝑅𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒]. A 100 % reflectance standard Halon puck was used as the reference.   

Powder XRD patterns were collected on a Rigaku Dmax diffractometer using a Cu Kα radiation 

source (λ = 0.1540562 nm). The patterns were recorded from 25 to 80° 2θ using a step size of 

0.02° 2θ. TEM images were obtained using a FEI Tecnai Spirit BioTwin and a FEI Technai F20 

FEG TEM. 

 The transient absorption (TA) setup was previously described in full detail in Chapter 2 

and previously published.67 TA measurements were obtained using an amplified Ti:sapphire laser 

(Solstice, Spectra-Physics, 800 nm, 100 fs), an optical parametric amplifier (TOPAS-C, Light 

Conversion), and the HELIOS spectrometer (Ultrafast Systems, LLC), for short timescale (100 fs 

– 3 ns) measurements. A CaF2 crystal was used to generate the white light continuum probe pulse 

(340-800 nm). For long timescale measurements (300 ps – 100 μs), the EOS spectrometer 

(Ultrafast Systems, LLC) was used. The TA experiments were all carried out in an airfree (sealed 

under Ar) quartz cuvette at room temperature, with constant stirring. Absorption spectra of the 

samples were collected before and after TA measurements and no substantial changes were 

observed (Figure 4.1). All of the TA spectra were background subtracted, chirp-corrected using 
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the instrument response function (IRF) determined from TA data of toluene, and time zero 

corrected.  

 
Figure 4.1. UV-Vis absorption spectra of (Ga0.6Zn0.4)(N0.6O0.4) nanoparticles recorded before and 

after Transient Absorption measurements. The sample was exposed to illumination by the laser for 

the course of about 8 hours during TA measurements and no substantial change was observed in 

the absorption spectra. 

 

4.3   Results and Discussion 

In this chapter, we focus on studying (Ga1-xZnx)(N1-xOx) nanocrystals synthesized at 650 °C with 

an x value of 0.4. Such particles have been shown to have strong visible absorption. Particles are 

synthesized as an insoluble powder. In order to perform absorption experiments, particularly 

transient absorption spectroscopy, the particles were solubilized using surface functionalization 

with octadecyltrimethoxysilane (ODTMS) ligands, as previously published.35 The steady state 

absorption spectrum of the solubilized (Ga0.6Zn00.4)(N0.6O0.4) nanoparticles is shown in Figure 

4.2a, where the broad visible absorption is evident. Powder X-ray diffraction (XRD) shows 

characteristic peaks of a wurtzite crystal structure with peak positions between reference patterns 

for ZnO and GaN peaks, as we normally observe (Figure 4.2b).25,26,34,35  
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Figure 4.2. (a) Absorption spectrum of solubilized (Ga0.6Zn0.4)(N0.6O0.4) nanoparticles. Inset: 

HRTEM image. (b) XRD after solubilization with ZnO (blue, JCPDS #05-0664) and GaN (green, 

JCPDS #2-1078) reference peaks. 

 

Characterization by low-magnification transmission electron microscopy (TEM) is shown in 

Figure 4.3, for solubilized particles, with diameters of 16.2 ± 6.7 nm. The particles exhibit a broad 

size distribution, as we have previously reported.25,26,34,35  

 

Figure 4.3. TEM image of solubilized (Ga0.6Zn00.4)(N0.6O0.4) nanoparticles. 
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Scherrer analysis of the XRD peaks (Table 4.1) yields an average crystallite size of 13.0 ± 3.7 nm. 

This is in agreement with the average diameter measured using the low-magnification TEM 

images. Finally, high resolution transmission electron microscopy (HRTEM) indicates that the 

particles are single crystalline, as shown in the inset of Figure 4.2a. 

 

Table 4.1. Crystallite and nanoparticle sizes measured using Scherrer analysis of XRD and TEM 

measurements, respectively. 

Scherrer Analysis (XRD) TEM 

(100) peak 

(nm) 

(002) peak 

(nm) 

(101) peak 

(nm) 

Average crystallite size 

(nm) 

Average particle size 

(nm) 

13.8 9.1 16.3 13.1 ± 3.7 16.2 ± 6.7 

 

 

4.3.1   TA Spectrum and Kinetic Decay 

 

In order to understand the excited state dynamics of solubilized (Ga0.6Zn0.4)(N0.6O0.4) 

nanoparticles, we performed transient absorption spectroscopy studies.  Figure 4.1 shows that the 

nanoparticle solution was stable during TA experiments, where the UV-Vis absorption did not 

change after TA measurements. We observed the behavior of the decay kinetics in the visible 

region of the spectrum after excitation at 340 nm, which is well above the band edge of the 

nanoparticles (Eg ~2.8 eV). The TA signal of (Ga0.6Zn0.4)(N0.6O0.4), pumped with 500 uW power, 

at various time delays after the pump pulse, is shown in Figure 4.4a. We observe a broad bleach 

in the visible part of the spectrum and find that the bleach exhibits a subtle shift to higher 

wavelengths over time. The inset of Figure 4.4a shows the bleach maximum center position as a 

function of time. We will call this position λmax. The λmax is marked at various time delays, showing 

the shift to higher wavelengths. As discussed below, this shift is due to Auger recombination of 
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multiple carriers. If carriers are excited well above the band-edge, as they recombine via Auger 

recombination, the λmax position shifts over time. 

 
Figure 4.4. (a) TA spectrum of (Ga0.6Zn0.4)(N0.6O0.4) with bleach max (λmax) position at different 

pump-probe delay times. Inset: λmax is plotted as a function of time delay which shows the peak 

shifting over time. (b) Early (0 – 3 ns) and late time (3 ns – 100 μs) kinetics at λmax are presented 

together to yield the resulting kinetic trace for the full time window of 0 to 100 μs. Inset: Early 

time kinetics from 0 to 3 ns. 

 

We also monitor the decay kinetics at the λmax position, as shown in Figure 4.4b, where short time 

measurement (0-3 ns) and long time measurement (300 ps – 100 μs) are stitched together.  The 

decay kinetics observed show the recovery of the photoinduced bleach as the charge carriers 

recombine. By monitoring the bleach recovery of the visible transition, we can study the 

recombination of carriers in (Ga1-xZnx)(N1-xOx).  An initial sharp decrease in the signal that is 

short-lived, can be seen in the inset of Figure 4.4b. Such a fast decrease in signal, along with the 

peak shift over time, is indicative of a fast carrier recombination process resulting from carrier 

accumulation. There is also a longer lived decay component that does not reach zero until about 
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20 μs. These short and long-lived components were previously reported for a sample of (Ga1-

xZnx)(N1-xOx) with an x value of 0.73.35 We wanted to gain a better understanding of what these 

short and long-lived components in the visible decay were due to and how they relate to 

recombination in the particles.  

4.3.2   Band Filling and Burstein-Moss Effect 

 

 We performed a power dependence study, where the sample was excited at a range of pump 

powers corresponding to initial carrier densities from 4.5 × 1017 to 2.1 × 1020 carriers/cm3. The 

average number of carriers per particle, <N>, and initial carrier densities, N0, at various pump 

powers, are shown in Table 4.2.  

 

Table 4.2. Average number of carriers per particle, <N> and initial carrier density, N0 as a function 

of pump power. 

Power (uW) <N> carriers/particle Initial Carrier Density N0 

(carriers/cm3)* 

7 1 4.5 x 1017 

10 2 9.0 x 1017 

30 7 3.1 x 1018 

70 16 7.2 x 1018 

100 23 1.0 x 1019 

300 68 3.1 x 1019 

500 114 5.1 x 1019 

700 159 7.1 x 1019 

900 205 9.2 x 1019 

1100 250 1.1 x 1020 

1800 409 1.8 x 1020 

2100 478 2.1 x 1020 

*Using volume of particle = 2.23 x 10-18 cm3  
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These values were calculated using experimental parameters, which include the spot size of the 

laser pump pulse, sample path length, and concentration of nanocrystal solution. Upon excitation 

with higher powers, a greater carrier density is excited within the particles. This increase in carrier 

density causes a blueshift of the visible bleach, which is shown in Figure 4.5a. Figure 4.5b shows 

the bleach position shifting to lower wavelengths, with increasing numbers of carriers per particle, 

along with an increase in the peak width (FWHM). The peak broadening, with a carrier-density-

dependent blueshift, is indicative of charge carrier accumulation. A dynamic Burstein-Moss shift 

is used to explain this bandgap shift to higher energies.68-71 The Burstein-Moss theory says that as 

more photogenerated carriers fill sites at the conduction and valence band-edges due to higher 

excitation energies, additional bleaching must effect higher energy optical transitions. In other 

words, when high carrier densities are generated in (Ga0.6Zn0.4)(N0.6O0.4), their presence leads to a 

seemingly larger bandgap. We can confidently assign the negative TA feature to ground-state 

bleaching and the blue-shift of the bleach to state filling at the band-edges.  
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Figure 4.5. (a) TA spectra of (Ga0.6Zn0.4)(N0.6O0.4) pumped at 340 nm using various pump powers, 

at a 5 ps time delay. The values in the legend are <N>, or carriers per particle at each pump power. 

(b) Peak position and FWHM of visible bleach at various pump powers, shown as carriers/particle. 

(c) Bandgap as a function of n0
2/3

 where n0 is initial carrier density. 

 

Knowing that (Ga0.6Zn0.4)(N0.6O0.4) nanoparticles exhibit this Burstein-Moss shift, we can 

determine the reduced effective mass of excited state carriers. The Burstein-Moss shift is described 

using equation (4.1)72 

                                             ∆Eg
BM =  

ħ2

2meh
∗ (3π2𝑛)2/3                                                  (4.1) 
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where ∆Eg
BM is the change in the optical bandgap caused by the Burstein-Moss band filling, ħ is 

the reduced Planck constant, n is the carrier density, and meh
∗  is the reduced effective mass of the 

electron and hole. We don’t know the exact value of the intrinsic bandgap of the nanoparticles. 

However, we can treat the bleach position as the optical bandgap which includes the sum of the 

intrinsic bandgap and the change in the optical bandgap due to the carrier-induced shift. To date, 

there are no experimental reports of the effective masses of either the electron or hole in (Ga1-

xZnx)(N1-xOx) nanoparticles. We assume here that both the electron and hole contribute to the 

dynamic band filling effect. With this, we plotted the optical bandgap (position of λmax at various 

powers) as a function of n0
2/3

, which is shown in Figure 4.5c. The linear proportionality further 

indicates agreement with the Burstein-Moss theory.  

From the slope, we determined the reduced effective mass to be 6.2x10-31 kg, or 0.68m0, 

which is larger, but on the order of the reduced effective mass in Si, which is about 0.56m0, where 

m0 is the free electron rest mass of 9.109x10-31 kg.73 The reduced effective mass of the electron 

and hole in bulk GaN and ZnO is around 0.2m0.
55,74-76

 The effective masses of the electron and 

hole respectively are 0.22m0 and 0.8m0 in GaN, and 0.28m0 and 0.5m0 in ZnO.55
 Such effective 

masses would lead us to believe that the reduced effective mass of carriers in (Ga1-xZnx)(N1-xOx) 

to be around 0.2m0. Hybrid density functional theory calculations also predict a high valence band 

maximum effective mass, but a lower conduction band minimum effective mass with an overall 

effective mass of ~0.2m0 for bulk (Ga1-xZnx)(N1-xOx).
77 However, we clearly observe that 

nanoscale (Ga0.6Zn0.4)(N0.6O0.4) has both carriers with large effective masses. We know that with 

a reduced effective mass of 0.68m0, the conduction band effective mass cannot be 0.2m0 because 

this would yield a negative valence band effective mass, which is not feasible. Knowing that the 

carriers in (Ga0.6Zn0.4)(N0.6O0.4) are heavy, we have more information about band edge properties. 
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For example, we know that the curvature of the bands must be small. These properties result in 

carriers with low mobilities. Carriers which do not move and accelerate easily, are hindered in 

their effectiveness in solar energy applications. This new result could potentially help us explain 

the ability of (Ga1-xZnx)(N1-xOx) particles to be efficient for use as a water-splitting photocatalyst.  

4.3.3   Power Dependent Kinetics 

  

 Monitoring the bleach position as a function of pump power led us to understand carrier 

accumulation in the particles. Next, we focused on studying the decay kinetics as a function of 

pump power. The results of the kinetic power dependence study are shown in Figure 4.6 (Kinetics 

on log scale are shown in Figure 4.7), where kinetics are observed at the λmax position over time at 

various pump powers.  

 
Figure 4.6. Pump power dependence of TA kinetics of (Ga0.6Zn0.4)(N0.6O0.4) nanocrystals pumped 

at 340 nm. Kinetics at λmax are normalized at 3 ns at several pump powers. The values in the legend 

are given as number of carriers per particle. This data suggests that the TA kinetics are in fact 

dependent on pulse energy. 
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Figure 4.7. Decay kinetics at λmax normalized at 3 ns at various numbers of carriers/particle (shown 

in legend). 

 

To confirm that nonlinear excitation such as two-photon absorption did not occur in this 

experiment, the intensity as a function of pump power was plotted in Figure 4.8. The linear 

proportionality indicates that the carriers were generated through a one photon process and that 

nonlinear excitation processes were not involved.  

 
Figure 4.8. Bleach max (λmax) intensity as a function of pump power. 

 

There is a clear power dependence, where the carriers decay faster in the sample when pumped at 

higher intensities (higher number of carriers per particle). In particular, Figures 4.6 and 4.7 indicate 
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that the short lived decay component, previously mentioned, goes away with decreasing pump 

power. Since the short lived component goes away as pump power decreases, the short component 

decay must be due to a carrier density dependent process. The average number of carriers per 

particle is greater than 1 at all pump powers greater than 7 uW, as we showed in Table 4.1. Since 

multiple carriers are being excited per particle and the decay is carrier dependent, we proposed 

that the short component is due to a quick process such as cooling/relaxation back to the band 

edge, trapping, or Auger recombination. We find that the long component decay does not depend 

on pump power, which is shown in Figure 4.9. Since the power dependence of the decay kinetics 

is only observed in the early time window, we focus first on exploring the short component kinetics 

with a decay model.  

 
Figure 4.9. Decay kinetics of the long component (up to 100 μs) at two different pump powers. 

There was no difference observed in the decay kinetics at the different pump powers indicated, so 

there is no power dependence in the longer timescale of the decay. 

 

4.3.4   Short Component Decay 

 

In order to gain a more quantitative understanding of the decay kinetics in (Ga1-xZnx)(N1-xOx) 

nanoparticles, we fit to a model that can explain the recombination kinetics of the fast component 

in the decay. Upon photoexcitation, carrier density N0 is created. After photoexcitation, the carrier 
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density N relaxes back to zero. Equation (4.2) can be used to describe this process of free carrier 

recombination, where A represents the Shockley-Read or trap mediated recombination rate 

constant, B represents the nongeminate radiative recombination rate constant (luminescence), and 

C represents the Auger recombination rate constant.69,78-80 

                                                       
d𝑁

dt
= −A𝑁 − B𝑁2 − C𝑁3                                                (4.2) 

Again, we are first focused on modeling the carrier density dependent kinetics on the short 

timescale from 0 to 3 ns. In order to do this, the short component needed to be extracted from the 

full decay. This was done by subtracting the long-lived signal as a y-offset from the decay trace. 

The resulting kinetics are the short component of the visible bleach.  

When solving expression (4.2) numerically, and fitting N vs. t, for the decay kinetics of the 

short component, we found that there is no significant change in the fit with and without the second 

term (B). Geminate (band-edge) recombination in the (Ga1-xZnx)(N1-xOx) sample does not occur 

on this short timescale and therefore, it would make sense that the second term involving B, can 

be neglected. This results in recombination equation (4.3).  

d𝑁

dt
= −A𝑁 − C𝑁3                                                 (4.3) 

When solving equation (4.3) for N, where N is the carrier density evolving from N0 (initial carrier 

density), and t is the time, expression (4.4) is obtained.  

𝑁 = √
A 

𝑁0
2

C𝑁0
2+A

 e−2At

1−C 
𝑁0

2

C𝑁0
2+A

 e−2At
                                                       (4.4) 

Fitting kinetic decays of (Ga0.6Zn0.4)(N0.6O0.4) to expression (4.4) gives us recombination rate 

constants for A and C. Knowing these rate constants allows us to determine the lifetimes with 

which these processes occur in the (Ga0.6Zn0.4)(N0.6O0.4) nanocrystals. We were able to 
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successfully globally fit the short component of the decay to expression (4.4), as shown in Figure 

4.10 for various carrier densities. Therefore, we know that this short-lived decay component is due 

to trap mediated and Auger recombination. 

 
Figure 4.10. Power dependent kinetics (short component) globally fit to expression (4.4). Values 

in legend are number of carriers per particle generated at increasing pump powers. 

 

The rate constants for trap mediated and Auger recombination were obtained by globally 

fitting the short component decay at various pump powers. Values of 1.18 (± 0.05) × 109 s-1 and 

5.6 (± 0.2) × 10-30 cm6 s-1 correspond to the trap mediated and Auger recombination rate constants 

respectively. Literature values for various semiconductor systems have been reported with values 

of trap mediated recombination constants between 106 – 109 s-1 and values of Auger recombination 

rate constants of 10-28 – 10-30 cm6 s-1.81-85 The values we report here are in agreement with the 

literature. Rate constants for trap mediated and Auger recombination correspond to lifetimes of 

trap mediated recombination of about 900 ps, and of Auger recombination, being a power 

dependent process, ranging from 20 – 4,000 ps as pump power decreases. The results are 

summarized in Table 4.3. These lifetimes are on the order of what we would expect for trap 

mediated and Auger recombination in semiconductor nanocrystals.86 In colloidal quantum dots, 

fast Auger recombination times below 1 ns are observed.87-89 In bulk GaSb, the Auger 
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recombination lifetime is slower than for GaSb quantum wells, but still on the order of a few ps to 

100s of ns.90 Therefore, we conclude that the short component decay in the (Ga1-xZnx)(N1-xOx) is 

due to trap mediated and Auger recombination. Next, we move forward to understanding the long-

lived component in the decay.  

 

Table 4.3. Values for trap mediated and Auger recombination lifetimes at various pump powers. 

Pump Power (μW) Trap mediated 

recombination lifetime (ps) 

Auger recombination 

lifetime (ps) 

70 847 3,463 

100 847 1,676 

300 847 192 

500 847 68 

700 847 35 

900 847 21 

  

 

4.3.5   Long Component Decay 

 

In (Ga1-xZnx)(N1-xOx) decay kinetics, we observe long-lived average carrier lifetimes, <τ>. To 

calculate <τ> in (Ga0.6Zn0.4)(N0.6O0.4), equation (4.5) was used, where the short and long timescale 

kinetics were combined and the TA signal was integrated.91 

                                        < τ > =  
∫ 𝑡∆A(𝑡) dt

∞
0

∫ ∆A(𝑡) dt
∞

0

                                                           (4.5) 

The value of <τ> obtained for sample x=0.40, has an average of about 50 μs. Clearly, this is a long 

average lifetime for a semiconductor, where average lifetimes are usually in the sub-ns range for 

direct bandgap semiconductors.55,92 We wanted to use a model that would allow us to explain the 

long-lived lifetime in the oxynitride samples.  
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In order to fit the decay kinetics of the long-lived decay component out to about 100 μs, 

we used a stretched exponential (4.6). A fit to a stretched exponential is shown in Figure 4.11a, 

with fit results summarized in Table 4.4. Often in the literature, a fit to a stretched exponential 

decay indicates a broad distribution of trap states or trap-limited recombination.60,93-99  

f(𝑡) = A ∗ e−(
𝑡

τ
)

β

                                                         (4.6) 

The long-lived component therefore could be due to one carrier decaying while the other 

was trapped. The bleach decay that lives after fast Auger recombination and trap mediated 

recombination occurs could be monitoring the carrier that was not trapped. We also find that the 

end of the long time decay can be fit to a power law (equation (4.7)), as shown in Figure 4.11b, 

with fit results summarized in Table 4.5.  

f(𝑡) = A ∗ 𝑡−α                                                         (4.7) 

A power law decay is often attributed to trap-limited recombination as well.100-102 Again, an 

electron or hole is temporarily unavailable due to it being trapped and therefore recombination 

cannot occur. Both the stretched exponential fit and the power law decay support the idea that the 

long-lived component is due to trap-limited recombination. We find that the power law decays 

with an exponent of 0.31. This value less than 1 is typically indicative of trapping-detrapping 

mediated recombination.99,102,103 James Durrant et al found that a bulk film of GaN:ZnO also 

exhibits  a power law decay with an exponent of 0.33.102 This is in agreement with the value we 

obtain for nanoscale particles in solution. Durrant et al attribute this value to a wide distribution 

of trap states.102 In particular, they find that these trap states are deep hole trap states. It is possible 

that nanoscale (Ga1-xZnx)(N1-xOx) also exhibit such deep hole trap states, which would explain this 

long-lived component. In addition, deep hole trap states would explain the low water-splitting 

quantum efficiencies observed in these materials.  
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Figure 4.11. (a) EOS (long time) kinetics fit to a stretched exponential. (b) End of long component 

decay fit to a power law. 

 

Table 4.4. Fit values obtained from stretched exponential decay (equation (4.6)). 

Fit parameter Value 

A 3.3 (± 0.2) × 1019 

β 0.18 ± 0.01 

τ 1.8 (± 0.5) × 104 ps 

 

 

Table 4.5. Fit values obtained from power law decay (equation (4.7)). 

Fit parameter Value 

A 2.9 (± 0.1) × 1020 

α 0.314 ± 0.003 
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4.4   Conclusions  

Characterization of the excited state behavior in (Ga1-xZnx)(N1-xOx) nanocrystals is important for 

gaining an understanding of the behavior of the carriers upon illumination and how this impacts 

their ability to be used for solar water-splitting. We used femtosecond transient absorption 

spectroscopy to study the charge carrier dynamics in a sample of (Ga1-xZnx)(N1-xOx) nanocrystals 

with an x value of 0.4. We found an increase in the energy of the band-edge transition with an 

increase in carrier density to be in agreement with the Burstein-Moss theory, which says that band 

filling occurs as a result of carrier accumulation. Using this theory, we calculated the reduced 

effective mass of the electron and hole to be 0.68m0. The reduced effective mass of electrons and 

holes in nanoscale (Ga1-xZnx)(N1-xOx) has not been previously measured using experimental 

results. Such a high effective mass could result in low carrier mobilities which in turn would impact 

their effectiveness in water-splitting. We also determined that carriers initially decay via fast 

processes of Auger recombination and trap mediated recombination with rate constants of 5.6 (± 

0.2) × 10-30 cm6 s-1 and 1.18 (± 0.05) × 109 s-1 respectively. On the longer timescales with an 

average lifetime of 50 μs, we find that the decay is due to a trap-limited recombination.  The 

information obtained here represents significant insights into the hitherto unknown electronic 

structure of (Ga1-xZnx)(N1-xOx), and will aid in further studies to explore its promising optical 

properties and utility as a photocatalyst. 
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Chapter 5.     Further Investigation of Excited-State Dynamics in 

Various (Ga1-xZnx)(N1-xOx) Nanoparticles with 

Different Elemental Distributions 

 

5.1   Introduction 

Solar fuel generation is a desirable approach for harvesting renewable energy.1 Various 

semiconductor light absorbers have promising characteristics for use in solar fuel generation.61 

Such characteristics include, the ability to absorb visible light in order to utilize the solar spectrum, 

suitable band potentials for catalysis, resistive to photooxidation, and long-lived excited states.62,63 

The necessity of controlling band gap and chemical stability has revealed the need for new 

semiconductors with multinary compositions.64,65 There has been a lot of development of new 

ternary and quaternary mixed semiconductors in the solution phase.104-106 In addition, solid state 

reactions have provided the possibility for more compositional complexity in such materials.107-109 

As more of these nanoscale solid-state reactions continue to emerge, it is necessary to understand 

how the elemental distribution in the resulting materials affects materials properties. In particular, 

understanding how the materials behave in their excited-state upon illumination is important for 

insights into future applications.  

 In this Chapter, we further investigate the properties of (Ga1-xZnx)(N1-xOx) nanoparticles. 

In this material, the x value controls the visible bandgap.25,26 We have also discovered that 

synthesis temperature impacts the elemental distribution in these particles.34 Previous studies 

discussed in Chapter 4 were conducted on samples synthesized at 650 °C. We found that such 

particles have heterogeneous distributions of the four elements; Zn, O, Ga, and N. In particular, 

using EDX analysis, we determined that particles synthesized at 650 °C have ZnO localized in the 
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core of the particle, and GaN on the edges.34 By increasing the synthesis temperature to 800 °C, 

we were able to achieve a more homogenous distribution of the elements.34  

Here, we seek to understand how the composition and the distribution of Ga, Zn, O, and N 

in (Ga1-xZnx)(N1-xOx) nanoparticles affects their excited-state behavior. In particular, we apply the 

recombination expression discussed in Chapter 4 to determine the trap mediated and Auger 

recombination rate constants and determine how the increased homogeneity changes the 

recombination dynamics. We also observe the excited-state behavior of a sample of small 

aggregated particles that results from the nitridation of the ZnGa2O4 precursor in the synthesis of 

(Ga1-xZnx)(N1-xOx) nanoparticles.34 Furthermore, we present new transient absorption data of 

(Ga0.6Zn0.4)(N0.6O0.4) nanoparticles probed in the near infrared (NIR). NIR spectra provide 

information about free carriers in the particles. Finally, we use an electron scavenger experiment, 

where methylene blue (MB) was used as an electron acceptor in TA measurements, of (Ga1-

xZnx)(N1-xOx) nanoparticles, to determine the nature of excited-state transitions. In particular, we 

gained insight into whether the signals observed in TA spectroscopy are due to electrons or holes.     

5.2   Materials and Methods 

5.2.1   Chemicals 

 

All chemicals were purchased commercially and used without additional purification.  

Zinc acetylacetonate hydrate (Zn(acac)2, 99.995%), gallium acetylacetonate (Ga(acac)3, 99.99%], 

1,2-hexadecanediol (90%), oleic acid (≥99.0%), oleylamine (70%), benzyl ether (98%), zinc 

chloride (ZnCl2, ≥98%), 3-mercaptopropionic acid (3-MPA, ≥99.0%), tetramethylammonium 

hydroxide pentahydrate (≥97%), hexane (99%), toluene (99.5%), octadecyltrimethoxysilane 

(ODTMS, 90%), butylamine (99.5%), toluene (HPLC Plus, ≥99.0%), and methylene blue (≥82%) 

were purchased from SigmaAldrich. Sodium hydroxide (NaOH pellets, 99.3%), 2-propanol 
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(99.9%) and methanol (99.9%) were purchased from Fisher Scientific. 1,2-Ethanediol (99.8%) 

was purchased from Macron Fine Chemicals. Ethanol (95%) was purchased from Decon 

Laboratories. Ammonia (99.99%) was purchased from Airgas.  

5.2.2   (Ga1-xZnx)(N1-xOx) NC Synthesis 

 

(Ga1-xZnx)(N1-xOx) nanocrystals were synthesized as previously described in Chapter 2.25 The 

resulting product is a powder that was stored in a vial for future use.  

5.2.3   Nitrided ZnGa2O4 Synthesis 

 

We synthesized particles using the same technique as described for synthesizing (Ga1-xZnx)(N1-

xOx) nanocrystals at 650 °C.25 However, for this synthesis, ZnO nanoparticles were not added to 

the alumina boat. Only ZnGa2O4 nanoparticles were put in the tube furnace and heated at 650 °C 

with constant NH3 flow for 10 hours to result in “nitrided ZnGa2O4”.34  

5.2.4   (Ga1-xZnx)(N1-xOx) NC Solubilization 

 

The synthesis method described produces particles as an insoluble powder. In order to perform 

absorption experiments, the particles were solubilized using surface functionalization with 

octadecyltrimethoxysilane (ODTMS), as previously published and described in detail in Chapter 

2.35  

5.2.5   Electron Scavenger Experiment Sample Preparation 

 

Methylene blue was used as an electron scavenger in solution with (Ga1-xZnx)(N1-xOx). A small 

amount of methylene blue powder was dropped into the toluene solution of (Ga1-xZnx)(N1-xOx) 

particles and sonicated. The solution was placed in an airfree cuvette for transient absorption 

studies. UV-Vis absorption spectra indicated the presence of methylene blue in solution with the 

nanocrystals.  
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5.3   Characterization 

5.3.1   UV-VIS Absorption Spectroscopy 

 

UV-Vis absorption spectra were recorded using an Agilent 8453 UV-Vis spectrophotometer and 

an Agilent Cary 60 spectrophotometer. 

5.3.2   Elemental Analysis 

 

Elemental analysis of Zn and Ga were obtained using an ARL 3410+ ICP-OES. 

5.3.3   TA Spectroscopy 

 

The transient absorption (TA) setup was previously described in full detail in Chapter 2.67 TA 

measurements were obtained using an amplified Ti:sapphire laser (Solstice, Spectra-Physics, 800 

nm, 100 fs), an optical parametric amplifier (TOPAS-C, Light Conversion), and the HELIOS 

spectrometer (Ultrafast Systems, LLC), for short timescale (100 fs – 3 ns) measurements. A CaF2 

crystal was used to generate the white light continuum probe pulse (340-700 nm). For long 

timescale measurements (300 ps – 100 μs), the EOS spectrometer (Ultrafast Systems, LLC) was 

used. Measurements were also made from 100 fs – 8 ns using a sapphire crystal to generate the 

white light continuum probe pulse (450 nm-800 nm) and a sapphire crystal was used to generate 

the near infrared (NIR) probe pulse (800-1600 nm). The TA experiments were all carried out in an 

airfree (sealed under Ar) quartz cuvette at room temperature, with constant stirring. All of the TA 

spectra were background subtracted, chirp-corrected using the instrument response function (IRF) 

determined from TA data of toluene, and time zero corrected.  

5.4   Results and Discussion 

The excited-state behavior for (Ga1-xZnx)(N1-xOx) with x=0.4 synthesized at 650 °C was described 

in the previous chapter. Here, we reveal the effects of composition (x value) and elemental 

distribution on the recombination dynamics in various (Ga1-xZnx)(N1-xOx) nanoparticles 
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synthesized at 650 and 800 °C. We studied samples synthesized at 800 °C with values of x equal 

to 0.39 and 0.50 and compared them with the x=0.40 sample synthesized at 650 °C, which was 

fully characterized in Chapter 4. The x values reported are for the ensemble of particles in solution 

after they were solubilized. Particles needed to be surface functionalized with 

octadecyltrimethoxysilane (ODTMS) ligands in order for them to be soluble in toluene and usable 

in absorption experiments. The solubilization technique has been previously published.35   

  Figure 5.1 shows the UV-Vis absorption spectra of solubilized samples with x=0.40 (650 

°C), x=0.39 (800 °C), and x=0.50 (800 °C). From these spectra, it is not apparent that there is a 

change in the optical properties of the particles when synthesized at different temperatures. The 

spectral shapes of all three samples are very similar and so it appears as though the distribution of 

the elements throughout the particles does not significantly change the optical properties of the 

material. However, we do note that the sample synthesized at 650 °C appears to have an additional 

UV transition that is present between 300 and 350 nm. This is similar to the UV transition observed 

in diffuse reflectance spectra discussed in Chapter 3. Here, we focus on comparing the excited-

state properties in these samples.  

 
Figure 5.1. UV-VIS absorption spectra of (Ga1-xZnx)(N1-xOx) solubilized in toluene after synthesis 

at 650 °C (x=0.40) and 800 °C (x=0.39 and 0.50). The spectra are normalized at 320 nm.  



61 

 

 

5.4.1   Visible TA Spectroscopy Comparing Homogenous and Heterogeneous Particles 

 

First, we observe the transient absorption spectra for the x=0.40 sample synthesized at 650 °C and 

x=0.39 and 0.50 samples synthesized at 800 °C. Figure 5.2 shows the transient absorption spectra 

at various time delays for these three samples. Just as with the steady-state spectra, the time 

resolved spectra also appear to have similar spectral shapes, with a broad visible bleach that 

appears to redshift over time.  As discussed in the previous chapter, this shift is due to Auger 

recombination of multiple carriers. The similar spectral shapes and shifting in the homogenous 

samples is indicative of excited-state carrier behavior that is similar to the heterogeneous sample. 

In order to more quantitatively understand how the excited-state behavior in the homogenous 

samples compared to the heterogeneous, we applied the kinetic model used in Chapter 4 to carrier 

density-dependent decay dynamics.  
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Figure 5.2. Transient absorption spectra for x=0.40 (650 °C) (top), x=0.39 (800 °C) (middle), and 

x=0.50 (800 °C) (bottom). Values in the legends are the various time delays at which the spectra 

were extracted.  

 

 Just as for the heterogeneous sample studied in Chapter 4, we extracted the short 

component decay kinetics at various numbers of carriers per particle at the bleach maximum 

position, which we define here as λmax. Figure 5.3 shows the carrier density-dependent decay 

kinetics in the homogenous samples with x=0.39 and 0.50. We know there is a dependence on 

carrier density, because the decay is faster with increasing carrier density, or more carriers per 
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particle. This increase in decay rate with increasing carrier density is again indicative of a carrier 

density dependent process like Auger recombination.  

 
Figure 5.3. Extracted short component decay kinetics at various carrier densities for homogeneous 

samples x=0.39 (a) and x=0.50 (b). The respective global fits to carrier recombination expression 

given in equation (5.3) are shown. Values for number of carriers per particle for each decay trace 

are given in the legends. 

 

As discussed in Chapter 4, we can use the expression in equation (5.1) to represent the 

decay of excited carriers in the (Ga1-xZnx)(N1-xOx) nanoparticles at early times in their decay 

(between 0 and 3 ns). After photoexcitation, carrier density N relaxes to zero from N0 (initial carrier 

density). Equation (5.1) is used to describe the process of free carrier recombination, where A is 
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the trap mediated recombination rate constant, B is the nongeminate radiative recombination rate 

constant, and C is the Auger recombination rate constant.69,78-80 We neglected the second term 

because radiative recombination is not observed on the short timescale we are interested in. The 

resulting expression is shown in equation (5.2). When solving equation (5.2) for N, where N is the 

carrier density evolving from N0 as a function of time, expression (5.3) is obtained.  

dN

dt
= −AN − BN2 − CN3                                              (5.1) 

dN

dt
= −AN − CN3                                                     (5.2) 

N = √
A 

N0
2

CN0
2+A

 e−2At

1−C 
N0

2

CN0
2+A

 e−2At
                                                     (5.3) 

We globally fit the short component decay in homogenous samples x=0.39 and 0.50 to expression 

(5.3). Global fits yielded results for the trap mediated (A) and Auger (C) recombination rate 

constants in these samples. The short time decay kinetics for samples with x=0.39 and 0.50, 

synthesized at 800 °C, and their fits, are shown above in Figure 5.3. The fits are similar to those 

obtained for heterogeneous sample with x=0.40, as was shown in Chapter 4. The resulting values 

for the trap mediated recombination rate constants (A) are 1.02 (±0.07) × 109 s-1 and 1.90 (±0.09) 

× 109 s-1 for homogenous samples with x=0.39 and 0.50, respectively. These values for trap 

mediated recombination rate constants are very similar to the value obtained for heterogeneous 

sample with x=0.40, which has a trap mediated recombination rate constant of 1.18 (± 0.05) × 109 

s-1. Next, we compare the Auger recombination rate constants. The values obtained for samples 

x=0.39 and x=0.50, respectively, are 9.80 (±16.90) × 10-32 cm6s-1 and 3.17 (± 1.38) × 10-31 cm6s-1. 

The value for heterogeneous sample x=0.40 for Auger recombination rate constant was 5.6 (± 0.2) 

× 10-30 cm6 s-1. More or less, these values are within error of one another.  
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Therefore, the elemental distribution in the particles does not have a major effect on the 

recombination dynamics upon excitation. The values for trap mediated and Auger recombination 

rate constants for the three samples studied here are summarized in Table 5.1. It is certainly 

interesting that the elemental distribution in the (Ga1-xZnx)(N1-xOx) nanoparticles does not change 

the recombination rate constants for the short component decay. Other work being currently 

explored in our group on the comparison of electronic structure to absorbance spectra has led to 

conclusions that homogeneous particles have only one absorption feature in their electronic and 

optical absorbance spectra, while heterogeneous particles contain two features; a visible and a UV. 

We observed this subtle UV feature in Figure 5.1, and in the diffuse reflectance spectra, a much 

more prominent UV feature was observed in heterogeneous samples, in Chapter 3. It appears as 

though these differences in steady-state measurements between the homogeneous and 

heterogeneous particles, do not have a significant influence on the excited-state properties.  

 

Table 5.1. Trap mediated (A) and Auger (C) recombination rate constants obtained from globally 

fitting short component decay kinetics at various carrier densities in (Ga1-xZnx)(N1-xOx) 

heterogeneous sample x=0.40 and homogenous samples x=0.39 and x=0.50. 

Sample Trap mediated recombination (A) Auger recombination (C) 

x=0.40 (heterogeneous) 1.18 (± 0.05) × 109 s-1 5.6 (± 0.2) × 10-30 cm6 s-1 

x=0.39 (homogeneous) 1.02 (±0.07) × 109 s-1 9.80 (±16.90) × 10-32 cm6s-1 

x=0.50 (homogeneous)  1.90 (±0.09) × 109 s-1 3.17 (± 1.38) × 10-31 cm6s-1 

 

 

5.4.2   TA Spectroscopy of Nitrided ZnGa2O4
 Nanoparticles 

 

Previous work with samples synthesized at 650 °C led to the conclusion that (Ga1-xZnx)(N1-xOx) 

nanoparticle samples synthesized at 650 °C contain additional small aggregated particles  (~ 5 nm 

diameter).34 It was proposed that these small aggregated particles arise from the nitridation of 
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ZnGa2O4 that was not in direct contact with ZnO during (Ga1-xZnx)(N1-xOx) nanoparticle synthesis. 

In order to study the behavior of such small aggregated particles that contribute to the ensemble 

measurements of (Ga1-xZnx)(N1-xOx), we performed the synthesis procedure of nitriding ZnGa2O4 

nanoparticles without the presence of ZnO. The resulting particles were in fact smaller than the 

typical (Ga1-xZnx)(N1-xOx) nanoparticles. A TEM image is shown in the inset of Figure 5.4a, where 

small agglomerated particles are evident with diameters of ~5 nm. The XRD pattern shown in 

Figure 5.4b exhibits a broadening of the typical wurtzite peaks of GaN and ZnO, which are shown 

for reference. It was not clear whether the broadening was due to small particle size or a mixture 

of spinel and wurtzite crystal structures. Previous elemental maps of these particles indicated a 

uniform distribution of Zn, Ga, O, and N.34 Therefore, this sample nitrided at 650 °C, has elemental 

distribution similar to (Ga1-xZnx)(N1-xOx) nanoparticles synthesized at 800 °C. Our goal was to 

determine how the optical and excited-state properties in this material behaved compared to the 

other (Ga1-xZnx)(N1-xOx) nanoparticles we studied. The nitrided ZnGa2O4 particles were 

solubilized, just as previously described for (Ga1-xZnx)(N1-xOx) nanoparticle solubilization. The 

resulting absorbance spectrum is shown in Figure 5.4a, where the broad visible absorption is still 

clearly evident. Next, we studied the material using TA spectroscopy.  
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Figure 5.4. Absorbance of nitrided ZnGa2O4 in toluene (a) and low-magnification TEM image of 

nitrided ZnGa2O4 (inset). (b) Powder XRD pattern of nitrided ZnGa2O4. The verticle lines 

represent reference diffraction patterns of GaN (green, JCPDS #2–1078) and ZnO (black, JCPDS, 

#38–1240). 

 

 The TA spectrum of nitrided ZnGa2O4 is shown at various time delays in Figure 5.5. The 

spectral shape for the excited state absorption data also resembles that of the homogenous and 

heterogeneous (Ga1-xZnx)(N1-xOx) nanoparticles. It is interesting that these small aggregated 

particles, with a potentially different crystal structure, still exhibit such similar optical properties 

to the wurtzite (Ga1-xZnx)(N1-xOx) nanoparticles. Next, we sought to understand how the nitrided 

ZnGa2O4 decay kinetics compared to (Ga1-xZnx)(N1-xOx) nanoparticle decay kinetics. Just as for 
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previous samples, the short component of the decay was extracted at λmax for various numbers of 

carriers per particle.  

 
Figure 5.5. TA spectra of nitrided ZnGa2O4 at various time delays. Time delays are given in the 

legend from 2.5 to 3,143 ps. 

 

 Figure 5.6 shows the carrier density-dependent decay kinetics at λmax
 for various numbers 

of carriers per particle. The carrier density vs. time traces of the short component were fit to 

equation (5.3). The fit results are also shown in Figure 5.6. Global fit results yield values for trap 

mediated recombination (A) and Auger recombination (C) rate constants. The values of A and C 

obtained from global fit are 3.40 (± 0.28) × 109 s-1 and 2.75 (± 13.9) × 10-29 cm6 s-1. These values 

are still very similar to those obtained for the previous samples. The Auger recombination rate 

constant appears larger, but within error it is still the same as the other values. The trap mediated 

recombination rate constant is larger than for the other samples. The initial lifetime of the trap 

mediated recombination is 294 ps in the nitrided ZnGa2O4 and was between 800 and 900 ps in the 

(Ga1-xZnx)(N1-xOx) samples. Trap mediated recombination occurs faster in these small aggregated 

particles. Perhaps this could be a result of faster trapping and potentially a greater amount of 

defects. We also note that the x value or Zn content is much smaller (~0.2) in this sample than the 
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previous samples studied. Perhaps higher Zn content allows for a longer trap mediated 

recombination lifetime. We have gained a better understanding of how elemental distribution does 

not play a major role in the recombination dynamics of (Ga1-xZnx)(N1-xOx), however, the exact role 

of composition (x value) in the excited-state dynamics of these materials remains to be determined.   

 
Figure 5.6. Extracted short component decay kinetics at various carrier densities for nitrided 

ZnGa2O4. The respective global fits to carrier recombination expression given in equation (5.3) 

are shown. Values for number of carriers per particle for each decay trace are given in the legend. 

 

5.4.3   TA Spectroscopy of (Ga1-xZnx)(N1-xOx) Probed in the NIR 

 

In order to gain more information about carriers in the excited-state of (Ga1-xZnx)(N1-xOx), we used 

a NIR probe to monitor the signal of free carriers generated in (Ga0.6Zn0.4)(N0.6O0.4). NIR positive 

signals are often attributed to the generation of free carriers.110-112 In particular, an increase in the 

absorption with increase of probe wavelength is indicative of free carrier absorption.111,112 We 

observe such behavior in our NIR TA spectrum, which is shown in Figure 5.7 at various time 

delays after pumping with 340 nm. The peak around 1,360 nm is due to scattering that comes from 

the fourth harmonic generation of the signal from the OPA which is used to create the pump 
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wavelength of 340 nm. Studying the decay kinetics of the free carriers in the NIR could lend to a 

greater understanding of the carrier decay in the visible bleach that we have previously studied.  

 
Figure 5.7. NIR TA spectra of (Ga0.6Zn0.4)(N0.6O0.4) nanoparticles at various time delays. Time 

delays are shown in the legend. 

 

The full spectrum obtained for (Ga0.6Zn0.4)(N0.6O0.4) probed in the visible and NIR is shown in 

Figure 5.8. Again, we observe a broad bleach in the visible part of the spectrum and a positive 

feature in the NIR. The decay kinetics of the positive feature in the NIR (1200 nm) and the bleach 

maximum position (440 nm) are shown in the inset of Figure 5.8. Both decay traces exhibit an 

initial sharp decrease in signal. However, the NIR trace decays to zero in about 2 ns, while the 

visible has a longer lived decay component that has not reached zero by 8 ns. It appears as though 

the short component in the visible bleach has a very similar decay to the free carriers observed in 

the NIR. In fact, the NIR kinetics exhibit a power dependence that is very similar to the power 

dependence observed at the visible bleach. This is shown in Figure 5.9. Perhaps the free carriers 

observed in the NIR spectrum also recombine via trap mediated and Auger recombination. In the 

next section, we use electron scavenger experiments to gain more insight into the nature of these 

NIR signals.  
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Figure 5.8. Full TA spectrum of (Ga0.6Zn0.4)(N0.6O0.4) nanoparticles, where visible bleach and 

positive NIR feature are present. The inset shows normalized decay kinetics probed at the bleach 

(black) and in the NIR (red). 

 

 
Figure 5.9.  Power dependent kinetics of sample (Ga0.6Zn0.4)(N0.6O0.4) probed at 1200 nm at 

various pump powers on a log scale (a) and zoomed in linear scale (b). Pump power values are 

shown in the legend. 

 

5.4.4   Scavenger Experiments  

 

In order to further understand the signals observed from TA spectroscopy and determine which 

carriers the signals are due, we performed an electron scavenger experiment, with methylene blue 

as the scavenger. Methylene blue (MB) is a commonly used electron acceptor.113-116 To determine 

whether TA signals of (Ga1-xZnx)(N1-xOx) arise from electrons, holes, or both, we combined MB 

in solution with the nanoparticles (in toluene) to monitor the signal once electrons were scavenged. 
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We measured the UV-VIS absorption spectra with and without the addition of electron scavenger 

to verify the presence of methylene blue in solution with the oxynitride nanocrystals, as shown in 

Figure 5.10. A peak between 600 and 700 nm is indicative of the methylene blue species in 

solution.114,115  

 
Figure 5.10.  UV-VIS absorbance spectrum of (Ga0.6Zn0.4)(N0.6O0.4) nanoparticles with methylene 

blue in toluene. 

 

The TA spectra with and without addition of electron scavenger are shown in Figure 5.11a and the 

kinetics at oxynitride bleach maximum are shown in Figure 5.11b. In the TA spectrum with MB, 

we observed a small additional bleach at 670 nm. It is difficult to conclude whether this bleach is 

in fact due to electron transfer to MB, or simply noise from the probe signal in the experiment. 

However, this bleach resembles that of MB in MB-CdTe QD complexes.113 We also find that the 

oxynitride bleach decays faster with the addition of MB. A faster decay with the removal of 

electrons indicates that the visible bleach signal has contributions from electrons. With addition of 

electron scavenger, it appears that the long-lived component disappears. Therefore, it is possible 

that the long-lived signal discussed in Chapter 4 is due to holes. 
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Figure 5.11. TA spectra of (Ga0.6Zn0.4)(N0.6O0.4) with (blue) and without (black) addition of MB 

as an electron scavenger. (a) Bleach at 440 nm is due to oxynitride and bleach at 670 nm could be 

due to MB. (b) Bleach kinetics probed at 440 nm (oxynitride bleach maximum) with (blue) and 

without (black) addition of MB. 

 

 We also monitored the kinetics probed in the NIR with the addition of an electron 

scavenger (MB) and found that the decay kinetics do not change. Therefore, the signal probed in 

the NIR is more likely due to holes than electrons. When monitoring the decay kinetics of the NIR 

signal, the short component of the visible bleach, and the visible bleach kinetics with addition of 

MB, we found that they are all very similar, as presented in Figure 5.12. Knowing that the NIR 

signal matches the short component of the visible kinetics and the signal with the electron removed, 

the short component in the visible kinetics could also be due to hole signal. Therefore, the long-
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lived signal could be due to the decay of an electron in the bleach. Our current hypothesis is that 

the NIR signal is due to one carrier, the hole, which gets trapped, and the other carrier, the electron, 

remains as the long-lived bleach signal as it decays. The assignment of the long-lived signal to a 

single carrier decay, after the trapping of the hole, is in accordance with the assignment of the long-

lived signal to a trap-limited recombination, as discussed in Chapter 4. More experiments and 

analysis need to be performed in order to more conclusively assign all of these signals. For 

example, a hole scavenger experiment should also be performed. In addition, an electron scavenger 

experiment with an electron acceptor that is soluble in toluene, but still accepts electrons from the 

oxynitride would be beneficial. It is difficult to interpret the noisy signals that result from scattering 

due to MB not being completely in solution in our current experiments.  

 

 
Figure 5.12. Normalized decay kinetics probed in the NIR (1200 nm), visible bleach kinetics 

probed at 440 nm with MB (blue), decay kinetics of the extracted short component without MB 

(black).  

 

5.5   Conclusions 

New multinary complexes are continuing to emerge for use in applications for solar fuel 

generation. Many of these complexes are synthesized using solid-state methods, such as the 
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synthesis of (Ga1-xZnx)(N1-xOx) nanoparticles. With new materials synthesized with increased 

compositional complexity, many properties of these materials, such as excited-state behavior, are 

not well understood. We used femtosecond transient absorption spectroscopy to understand the 

carrier dynamics in various (Ga1-xZnx)(N1-xOx) nanoparticles. First, we found that particles with 

different elemental distributions did not have largely different decay dynamics. In particular, we 

fit carrier density-dependent kinetics to a recombination model, which resulted in determination 

of the trap mediated and Auger recombination rate constants in these particles. The values for the 

recombination rate constants obtained were all within error of one another for both homogeneous 

and heterogeneous samples. Another sample studied here was nitrided ZnGa2O4, which behaves 

similarly to (Ga1-xZnx)(N1-xOx) nanoparticles, but particles have smaller size and a crystal structure 

that might be the combination of wurtzite and spinel, as opposed to just wurtzite. We found that 

these particles still have very similar decay dynamics to other (Ga1-xZnx)(N1-xOx) nanoparticles, 

with a somewhat faster trap mediated recombination lifetime.  

 We also studied TA spectra of (Ga1-xZnx)(N1-xOx) probed in the NIR and used methylene 

blue as an electron scavenger to determine the nature of TA signals. We found that upon addition 

of electron scavenger, visible decay kinetics resemble the fast component described here and in 

detail in Chapter 4. In addition, the free carrier NIR decay kinetics also match this decay. 

Therefore, we predict that the short component decay signal is due to holes, while the long-lived 

decay is due to electrons. In particular, the free carrier signal observed in the NIR is due to a hole 

that gets trapped, and subsequently, the electron signal remains in the bleach and decays. This 

supports the assignment of the long-lived signal to a trap-limited recombination, as we discussed 

in Chapter 4. Many details of the excited-state dynamics in these complex materials remain to be 

determined. 
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Chapter 6.     Transient absorption investigation of electron transfer 

during photochromism in mesoporous TiO2 filled with 

silver nanoparticles. 

 

6.1   Introduction 

Photochromism of silver species associated with titania is a well-known phenomenon.117-119 Upon 

illumination, the material changes color. Conventional photochromic materials usually respond to 

one wavelength, but Ag-TiO2 exhibits multicolor photochromism.120,121 In other words, the color 

change varies depending on the wavelength of illumination. This improves the number of possible 

applications with Ag-TiO2, including smart windows and rewritable color paper.122 Further 

applications with metal nanoparticles embedded in a semiconductor include solar fuel generation, 

photovoltaics, and photocatalysis.41,123,124 Three phenomena are discussed for the interactions 

between NPs and semiconductors (SCs): plasmon induced charge separation (PICS), also called 

Direct Electron Transfer (DET),125 the co-catalysis effect, and the plasmonic nanoantenna effect.42 

Understanding and identifying precisely which phenomenon occurs during the photochromism 

process is often an open challenge. PICS can be observed under visible illumination, where silver 

nanoparticles interact with light due to their surface plasmon resonance (SPR). The creation of hot 

electrons with enough energy to cross the Schottky barrier allows good charge separation,126 with 

electrons in TiO2 and holes in Ag. When silver is oxidized to Ag+, sample bleaching is observed. 

Under UV light, the co-catalysis effect is mainly observed, where electrons from the valence band 

(VB) of titanium dioxide are excited to the conduction band (CB) and then migrate to Ag NPs, 

allowing a reduction of the present Ag+ species.127 The plasmonic nanoantenna effect occurs when 

plasmonic NPs and semiconductor are not in direct contact but at a small distance (around 10 nm) 
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from each other. The localized surface plasmon resonance (LSPR) of NPs enables a transfer of 

electromagnetic energy back and forth at a short distance around the NPs.128 

Distinction between these three phenomena often depends on the different excitation 

wavelengths used and the distances between plasmonic NPs and the semiconductor. However, the 

distinction between these processes is often misunderstood.42 We proposed here to use transient 

absorption (TA) spectroscopy to distinguish which process is observed in the interaction of Ag 

nanoparticles and TiO2. TA spectroscopy is a method used to observe the evolution of electrons 

and holes in photoexcited materials.128,129 In this method, the sample is pumped with short pulses 

of light, and the kinetics of the evolution of excited species can be monitored by the change in 

absorption at a specific wavelength (UV or visible) as a function of the time delay between pump 

and probe pulses. Following the evolution of the electron and/or hole decays should give an idea 

of which of the three phenomena, discussed above, are involved. In PICS, an electron transfer is 

expected from Ag NPs to TiO2 upon visible light illumination. For the co-catalysis effect, the 

inverse transfer is expected under UV light illumination. Finally, for the plasmonic nanoantenna 

effect, no transfer should be observed. 

The study of Ag-TiO2 films is relatively scarce using TA spectroscopy. A number of 

studies on TiO2 films have been made by Durrant and Tachiya. The impact of morphology and 

phase of TiO2 on its photo activity has been largely studied.130-133 The identification of holes and 

electrons, free or trapped, has been possible using chemical scavengers.134,135 Signals due to holes 

are situated around 500 nm, whereas trapped electron signals are found around 800 nm and free 

electrons after 1000 nm. 

Studies of colloidal solutions of NPs (Ag or Au) have shown mechanisms involved in 

plasmonic relaxation. After excitation, SPR lifetime is ruled by 4 processes; electron dephasing 
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(10-100 fs), electron-electron scattering (100-1000 fs), electron-phonon scattering (1-10 ps) and 

heat transfer (10-100ps).136 Contact between NPs and a SC add another potential mechanism for 

electron relaxation, i.e charge transfer.137 

The combination of TiO2 with Au NPs has been investigated in films and colloid 

solutions.125,137-139 The Tachiya team has worked on studying the electron transfer from gold 

nanodots to TiO2, which is observed due to a strong intraband absorption in the IR region.140 The 

usual spectral feature observed after exciting TiO2-Au (film or colloidal) with 400 nm, is a positive 

absorption band centered near 480 nm followed by a negative absorption band (bleach) around 

550 nm.137 The peak at 480 nm corresponds to the well-established interband transition region of 

gold NPs. The bleaching at 550 nm is consistent with the depletion of plasmon electrons.  

While TA spectra of Au-TiO2 have been somewhat extensively studied, TA spectra of Ag-

TiO2 films still require more investigation. One of the closest studies involved the deposition of 

Ag or Au nanoparticles on an alumina substrate that were monitored using femtosecond TA 

spectroscopy.141 Ag NPs exhibit a transient response, with a bi exponential decay: one fast (1.5ps) 

corresponding to electron-phonon interactions and a long one (75ps) corresponding to a slower 

phonon-phonon interaction. Kamat et al studied Ag@TiO2 core-shell composite clusters after UV 

irradiation using nanosecond laser flash photolysis probed on the microsecond time scale. They 

found that upon excitation of the TiO2 shell, charge transfer to the Ag core was complete within 

the laser pulse duration of a few nanoseconds.142  

Here, we choose to focus on studying the TA spectra of an Ag-TiO2 film. We can study 

the transient absorption time profiles from a few picoseconds to 3 nanoseconds with a laser pulse 

resolution of 100 femtoseconds. Studying the decay dynamics on this shorter timescale, we sought 

to quantify the electron transfer that occurs during photochromism in the film of mesoporous TiO2 
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filled with silver nanoparticles. We observed the TA spectra of an Ag-TiO2 film after UV 

illumination (300 nm) and visible illumination (450 nm). We were able to quantify the electron 

transfer from TiO2 to silver upon UV illumination as occurring within 2 ps. We also observed a 

strong interaction between Ag nanoparticles and TiO2 upon visible illumination. We could not 

conclusively quantify the electron transfer from Ag to TiO2 after visible illumination, but we had 

data to support a direct electron transfer mechanism.  

6.2   Materials and Methods 

6.2.1 Materials 

 

A polyethylene oxide-polypropylene oxide-polyethylene oxide block copolymer, Pluronic® P-123 

((EO)20-(PO)70-(EO)20), tetraorthobutyltitanate (Ti(OBu)4, TBT), silver nitrate (AgNO3), 

formaldehyde (CH2O) were all purchased from Sigma Aldrich and used as received. HCl 37% was 

purchased from Carlo Erba.  

6.2.2   Synthesis of Ag-TiO2 films 

 

The synthesis of Ag-TiO2 films is described in full detail in Chapter 2.  

6.2.3   Characterization 

 

Scanning electron microscopy (SEM) images were obtained using a Zeiss Merlin Compact SEM 

with an in-lens detector at a low acceleration voltage of 5 kV. Energy dispersive X-ray analysis 

(EDX) was used to determine the amount of silver within the TiO2 film. 

Transmission electron microscopy (TEM) was performed on a JEOL 2100F field emission 

instrument operating at 200 keV. In a typical procedure, TiO2 -Ag film fragments of non-controlled 

thickness were stripped off by scratching the samples with a razor blade and were then deposited 

on a carbon-coated copper grid. 
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UV-Vis spectroscopy measurements were performed with a Safas UVmc spectrometer 

measuring absorbance from films under direct incidence. Scans were measured between 300 and 

1000 nm, with a 2 nm resolution. 

6.2.4   Transient Absorption Spectroscopy 

 

The transient absorption (TA) setup was previously described in full detail in Chapter 2 and 

previously published.67 TA measurements were obtained using an amplified Ti:sapphire laser 

(Solstice, Spectra-Physics, 800 nm, 100 fs), an optical parametric amplifier (TOPAS-C, Light 

Conversion), and the HELIOS spectrometer (Ultrafast Systems, LLC), for measurements of the 

short timescale of 100 fs to 3 ns. A sapphire plate was used to generate the white light continuum 

probe pulse (450-800 nm). The TA experiments were all carried out at room temperature. All of 

the TA spectra were background subtracted and time zero corrected. 

6.3   Results and Discussion 

6.3.1   Characterization of the Samples 

 

Here, we focus on studying Ag-TiO2 films prepared on a quartz substrate using transient absorption 

spectroscopy. The films were prepared on quartz due to its optical clarity. In other words, the 

quartz does not absorb the wavelengths of interest necessary for visible absorption experiments. 

Steady state absorption spectra of TiO2 and Ag-TiO2 on quartz are shown in Figure 6.1a. Below 

400 nm, the TiO2 ultraviolet (UV) absorption is evident in both traces with and without silver 

nanoparticles. The Ag-TiO2 absorption exhibits a broad peak between 400 and 600 nm with a 

maximum at 490 nm. This broad absorption is due to a surface plasmon resonance effect from 

silver NPs inside TiO2 and is dependent on the particle size, shape, and particle substrate.143 As 

previously determined, this broadened and red-shifted plasmon band, in relation to silver NPs in 

silica or water, is observed due to the high dielectric constant of TiO2.
142,144 The broad peak width 
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in the absorption spectrum is also attributed to a large size distribution of the NPs.119,144,145 This 

broad distribution is also observed in TEM and SEM images shown in Figure 6.1c and Figure 6.1d, 

respectively. XRD in Figure 6.1b shows peaks characteristic of Ag and TiO2. In particular, the 

peaks at 34º and 52º are characteristic of Ag-TiO2.
146 

 
Figure 6.1. (a) Absorbance spectra of TiO2 on quartz and Ag-TiO2 film on quartz. (b) XRD pattern 

of Ag-TiO2 film. (c) TEM image of Ag nanoparticles on mesoporous TiO2. (d) SEM image of Ag 

nanoparticles (bright, white spots) on worm-like mesoporous TiO2 surface.  

 

6.3.2   TAS Results: Excitation with UV Light 

 

First, we focused on studying the electron transfer from TiO2 to silver in the Ag-TiO2 film upon 

excitation with UV light.  UV light allows for the excitation of an electron into the conduction 

band of TiO2 which could then transfer into the silver NPs. Samples for these experiments were 

all pumped with 300 nm. There was no TA response from the quartz substrate (Figure 6.2). 



82 

 

 

  
Figure 6.2. Transient absorption spectrum of bare quartz substrate, at various time delays, pumped 

at 300 nm. There is no signal from quartz upon UV illumination.  

 

In order to better understand the transient absorption response from Ag-TiO2, we first sought to 

observe the TA spectra of TiO2 alone, pumped at 300 nm. Decay kinetics were independent of 

pump power below 100 uW (Figure 6.3).  Experiments were carried out with a 300 nm excitation 

wavelength with 90 uW pump power, to maximize signal-to-noise, without introducing power 

dependent effects.  

 
Figure 6.3 Normalized power dependent kinetics of TiO2 on quartz pumped at 300 nm and probed 

at 620 nm. Pump power values in legend are given in uW. A pump power dependence is observed 

at pump power greater than 100 uW, therefore experiments were conducted at 90 uW pump power. 

 

Figure 6.4a shows a broad positive feature between 450 and 700 nm as it decays over time, which 

agrees with previously observed TA spectra of TiO2.
147 The decay kinetics did not appear to change 

between 450 and 700 nm. Understanding the signal produced by carriers in TiO2 upon excitation 

with UV light is important to realizing the spectral differences upon addition of Ag NPs.  
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Figure 6.4 TA spectra of TiO2 (a) and Ag-TiO2 (b), pumped at 300 nm, at various time delays. 

Time delays are shown in the legend in ps. 

 

In the presence of Ag NPs, the TA signal changes, as evidenced by the TA spectra in Figure 6.4b, 

where there is a new feature present at 520 nm. Data was collected with a pump power of 90 uW 

at 300 nm, just as for the TiO2 spectra. The difference observed in the spectra with addition of Ag 

NPs could be a result of electron transfer from the conduction band in TiO2 to the Ag NPs. Signal 

from Ag only on quartz substrate, pumped with 300 nm, was negligible, as shown in Figure 6.5, 

meaning that Ag NPs do no absorb UV light. Therefore, in order to have a change in signal with 

Ag NPs incorporated in TiO2, electrons must be transferring from TiO2 to the Ag NPs. To examine 
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the difference in the spectra with and without Ag NPs, we performed a Global Fitting analysis to 

extract information about the various contributions in the Ag-TiO2 spectrum.  

 

 
Figure 6.5. Ag nanoparticles alone on quartz, pumped at 300 nm. There is no signal from Ag upon 

UV illumination, indicating that Ag nanoparticles are not excited by 300 nm light. Values in legend 

are time delays given in ps. 

 

 Global fitting the decay kinetics at multiple probe wavelengths, of the Ag-TiO2 data, to 

multiple exponentials, ultimately yielded spectral shapes which resembled the TiO2 only spectrum, 

and an additional spectral shape that we would ultimately assign to the spectrum due to electrons 

transferred to Ag. Knowing that the contributions to the spectra shown in Figure 6.4b were solely 

due to the signal from TiO2 (as observed in Figure 6.4a) and a contribution from Ag NPs, we could 

isolate the spectral shape of the electron transferred to Ag. By subtracting the TiO2 spectrum from 

the Ag-TiO2 spectrum, we obtain the resulting spectrum (purple) shown in Figure 6.6. The purple 

trace, which we believe is the spectrum due to the electrons in Ag, very closely resembles the 

spectral shape of electrons transferred to Au in TiO2-Au nanocomposites.137 This spectral feature 

indicates that upon UV light excitation, TiO2 transfers its conduction band electron to Ag in the 

Ag-TiO2 film.  
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Figure 6.6. Spectral shapes of TiO2 (black), Ag-TiO2 (green/blue), and electron in Ag (purple). 

The purple trace was obtained by subtracting the experimental Ag-TiO2 spectrum from the TiO2 

spectrum at 3 ns time delay. 

 

To quantify the timescale of electron transfer from TiO2 to Ag NPs, we used the extracted 

spectral shape of the electron in Ag and TiO2 only, shown in Figure 6.6, and fit them to Gaussians. 

The spectral shape for the electron in Ag was fit with a single Gaussian, and the TiO2 spectrum 

was fit to two Gaussians. The fit results are shown in Figure 6.7 and the fit parameters are 

summarized in Tables 6.1 and 6.2, for electron in Ag and TiO2, respectively.  

 
Figure 6.7. Extracted spectral shape of electron in Ag fit to a single Gaussian (a) and TiO2 

spectrum excited with 300 nm, at 3 ns, fit to two Gaussians, where fits are shown in red.  
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Table 6.1. Fit parameters for a single Gaussian fit to the extracted spectrum of the electron in Ag, 

as shown in Figure 6.7a. A is the intensity, x0 the Gaussian position, width the FWHM, and y0 is 

the y offset.  

 

 

 

Table 6.2. Fit parameters to a double Gaussian fit to the TiO2 spectrum excited at 300 nm, as 

shown in Figure 6.7b. A is the intensity, x0 the Gaussian position, width the FWHM, and y0 is the 

y offset. Values for each labeled 1 and 2 are for each Gaussian. 

Fit parameter Value 

A1 1.2 ± 0.5 

x01 563.040 ± 0.005 nm 

width1 182.28 ± 0.002 nm 

A2 0.9 ± 0.4 

x02 774.100 ± 0.002 nm 

width2 396.210 ± 0.001 nm 

y0 -0.6 ± 0.7 

 

 

Using Global Fit analysis, the TA spectra of Ag-TiO2 were fit to equation (6.1), where A and B 

are coefficients for the single Gaussian fit of the electron transfer to Ag and the double Gaussian 

fit of TiO2 respectively, xi is the position, and wi is the full width at half maximum (FWHM).  

f(x) = A(e
(

x−x1
w1

)2

+ y1) + B(B1 ∗ e
(

x−x2
w2

)2

+ B2 ∗ e
(

x−x3
w3

)2

+ y2)                       (6.1)      

Using parameters for the position and FWHM obtained from Gaussian fits of each spectral shape 

(results from Tables 6.1 and 6.2), while letting the coefficients A and B vary and linking the 

position and FWHM of each spectral component (i.e. ET and TiO2 spectra), we could obtain the 

contribution of each component to the spectrum over time. Plotting the A and B coefficients as a 

function of time yielded kinetic traces for both the decay of TiO2 and the electron transferring into 

Fit parameter Value 

A -1.03 ± 0.03 

x0 530.8 ±0.9 nm 

width 49.2 ± 2.2 nm 

y0 0.1 ± 0.03 
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Ag. Figure 6.8a shows the decay of the TiO2 component, and Figure 6.8b, the rise of the Ag 

component, as the electron is transferred.  

 
Figure 6.8. TiO2 decay component obtained from global fitting analysis (a) and the global fit 

extracted rise of the Ag component as the electron is transferred from TiO2 to Ag (b). 

 

 

The electron transfer kinetic trace was fit to an exponential rise (equation (6.2)). The TiO2 decay 

kinetic trace was fit to a multi-exponential decay (equation (6.3)), where i=3  

FET(t) = 1 − e
−

t

τET                                                             (6.2)                          

    FTiO2(t) = ∑ Aie
−t/τi3

i=1                                                        (6.3) 
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The value obtained for the fit of the electron transfer rise is approximately 2 ps. Therefore, the 

electron transfer to Ag NPs upon excitation of TiO2 with UV light is approximately 2 ps. The fits 

to equations (6.2) and (6.3) are shown in Figures 6.9a and 6.9b, respectively. The fit results are 

summarized in Tables 6.3 and 6.4.  

 
Figure 6.9. Rise of electron transfer to Ag, fit to an exponential rise expression as shown in 

equation (6.2) (a) and three exponential decay fit to the TiO2 decay (b). Fits are shown in red. 

 

 

Table 6.3. Fit parameters and values obtained from exponential rise equation (6.2) to kinetic rise 

of electron transferring to Ag from TiO2, as shown in Figure 6.9a. A is a prefactor. Value of τ is 

the time it takes for electron to transfer into Ag from TiO2 upon excitation with UV light.   

Fit parameter Value 

A -1.41 (±0.03) ×10-4 

τ 2.03 ± 0.32 ps 
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Table 6.4. Fit parameters and values obtained from triple exponential decay equation (6.3) for 

decay of TiO2, as shown in Figure 6.9b. Values of τ are decay times and A values are prefactors. 

Fit parameter Value 

A1 0.001 ± 2.160 

τ1 2.87 ± 0.35 ps 

A2 6 (± 343) × 10-4 

τ2 90.93 ± 9.05 ps 

A3 5 (± 7) × 10-4 

τ3 3897 ± 361 ps 

 

To verify that the Global Fitting method used to determine the electron transfer time was self-

consistent, we performed the Global Fit analysis on decay kinetics and obtained spectral shapes 

which matched those of TiO2 and electron in silver spectra (Figure 6.10).  

 
Figure 6.10. Comparison of spectral shapes obtained from experiment for TiO2 (black) and 

electron in Ag (dark purple) with the spectral shapes obtained from global fit analysis for TiO2 

(gray) and electron in Ag (light purple). 

 

Finally, Figure 6.11 compares the decay of TiO2 only to the extracted kinetics of TiO2 with the 

presence of Ag. We find that the decay with Ag NPs is faster than without. This faster decay upon 

addition of Ag to TiO2 and excitation with UV light is suggestive of electron transfer from TiO2 

to Ag. 
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Figure 6.11. Decay of TiO2 only, determined by excitation with 300 nm and extracted kinetics of 

TiO2 only, in the presence of Ag. Faster decay of TiO2 in the presence of Ag (blue trace) is 

indicative of electron transfer from TiO2 to Ag. 

 

By taking the quotient of the decay traces, we can observe where the decay is changing and 

where it is essentially the same (when the quotient trace is a constant value and levels off). The 

quotient of the two decay traces (Figure 6.12) indicates that the electron transfer occurs at 2.7 ps. 

This is within error of the value of 2 ps obtained from the exponential rise fit to the electron transfer 

kinetic trace. Thus, we confidently determined that upon UV illumination of an Ag-TiO2 film, the 

electron transfer from TiO2 to the Ag NPs occurs in approximately 2 ps. Such electron transfer 

supports the co-catalysis effect, where electrons are excited from the valence band to conduction 

band of TiO2 and then electrons that accumulated in the TiO2 conduction band transfer over to a 

co-catalyst, which in this case is Ag.42  Other work studying Ag-TiO2 systems found electron 

transfer from TiO2 to Ag, but could only determine that it occurred within a ns, due to the time 

resolution of the experiment.142  
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Figure 6.12. The quotient (green trace) of the decay of TiO2 with (blue trace) and without Ag 

nanoparticles (black trace) is shown. Where the quotient levels out is marked with a purple circle 

which indicates the approximate time of electron transfer at 2.7 ps. 

 

6.3.3   Excitation with Visible Light 

 

When studying the TiO2 film with Ag NP incorporation, we discovered that upon excitation with 

UV light, electron transfer from TiO2 to Ag occurs in 2 ps. Next, we studied the behavior of the 

Ag-TiO2 film with visible light illumination. To date, visible excitation of Ag NPs incorporated in 

TiO2 has not been studied using transient absorption spectroscopy. In order to excite the SPR in 

Ag nanoparticles without exciting TiO2, we chose to illuminate the sample with 450 nm. The 

quartz substrate and TiO2 without Ag NPS exhibit no TA signal upon excitation with 450 nm, 

which is shown in Figure 6.13.  
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Figure 6.13. TA spectra at various time delays of quartz substrate alone pumped with 450 nm (a) 

and TiO2
 only on quartz pumped with 450 nm (b). The lack of signal is indicative of the fact that 

neither quartz nor TiO2 are excited by visible illumination. 

 

We observed the TA spectra of Ag-TiO2 with 450 nm excitation at various time delays, as shown 

in Figure 6.14. A negative feature between 450 and 550 nm was assigned to the plasmon bleach 

from Ag nanoparticles. This bleach feature is similar to that seen in Au-TiO2 systems pumped in 

the visible region and also the plasmon bleach observed in Ag@TiO2 core-shell composite clusters 

after UV irradiation.142 
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Figure 6.14. TA spectra of Ag-TiO2 film pumped with visible light (450 nm) at short time delays 

from 0.04 to 2.01 ps (a) and longer time delays from 3 to 1494 ps. 

 

A positive feature between 550 and 750 nm was also present in the TA spectrum. This 

positive feature rises within the first ps, which is evident when observing the spectra at various 

time delays in Figure 6.14a. This signal then decays, which is evident from the spectra in Figure 

6.14b.  Because this positive signal rises after the negative Ag plasmon signal, it is likely that the 

positive signal is due to the electrons trapped within TiO2. In particular, the positive feature that is 

observed upon visible illumination, directly matches the TiO2 feature observed upon UV 

illumination of the Ag-TiO2 film, which is shown in Figure 6.15. This positive feature from 550 

to 700 nm has been attributed to residual electrons trapped within TiO2 nanoparticles.142 Upon 

visible excitation (450 nm), electrons in TiO2 are not excited, as we showed in Figure 6.13. 

Therefore, it appears that in order for the positive signal to be present in the TA spectrum of Ag-
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TiO2 excited with 450 nm, the electron must have transferred to TiO2 to show this trapped electron 

signal.  

 
Figure 6.15. TA spectrum of Ag-TiO2 with visible illumination (blue trace) and UV illumination 

(black trace). Similar spectra indicate that the positive feature in the visible excited trace could be 

due to electrons transferred from Ag to TiO2. 

 

However, it is more difficult to quantify the electron transfer from Ag to TiO2 than from 

TiO2 to Ag.  This is because of the contribution that comes from exciting Ag with 450 nm light. 

Upon visible illumination, Ag behavior differs in the presence of a semiconductor like TiO2
 due to 

the formation of a Schottky barrier between the metal and semiconductor.139 Therefore, comparing 

the TA spectra of Ag with and without TiO2 is not as simple as the comparison when exciting TiO2 

alone with 300 nm and then with addition of Ag.  Figure 6.16 shows the TA spectrum of Ag 

nanoparticles alone on the quartz substrate, excited with 450 nm. The positive induced absorption 

at 500 nm resembles the spectrum for Ag nanoparticles supported by Alumina.141 
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Figure 6.16. TA spectra at various time delays of Ag nanoparticles alone on quartz substrate at 

various time delays. Photoinduced absorption peak is evident at 500 nm. Values in legend are time 

delays given in ps. 

 

We observed the decay of the induced absorption feature, which is shown in Figure 6.17. A 

biexponential decay fit of this kinetic trace yielded a fast component of 2.7 ± 0.1 ps and a long 

component of 58 ± 46 ps. These values are also in agreement with values obtained in the Ag 

nanoparticles supported by Alumina.141 The fast component was attributed to electron-phonon 

interactions and the long component to slower phonon-phonon interactions. These processes must 

also be occurring in the Ag-TiO2 samples. A global fit was performed to extract out contributions 

from Ag only and contributions from the electron transfer, however this did not yield useful results 

because the spectral shapes obtained did not have distinct features.  It is possible that the electron 

transfer it too fast to observe in the timescale of the measurement.  
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Figure 6.17. Decay kinetic trace of the induced absorption feature at 500 nm for Ag NPs only 

excited at 450 nm. Black trace shows a biexponential fit to the decay trace (blue). 

 

 

 It is also possible that the shape of the Ag-TiO2 transient absorption spectrum, excited at 

450 nm, is a result of a strong blue shift of the Ag SPR bleach due to the interaction of Ag 

nanoparticles with TiO2. For Au nanoparticles in TiO2, the plasmon band was approximated by a 

Gaussian function and the temporal evolution of the transient absorption spectra was approximated 

by a difference of Gaussian functions in order to observe spectral changes due to the shift of the 

Gaussian peak, as shown in equation (6.4).130 

ΔA(ω, t) =  
Pabs(t)

√2πω(t)2
exp (−

1

2

(ω−ΩSPR(t))2

ω(t)2 ) −
Pabs

0

√2πω0
2

exp (−
1

2

(ω−ΩSPR
0 )2

ω0
2 )             (6.4) 

In this equation ω0 and ω(t) are bandwidth, ΩSPR
0 and ΩSPR(t) are central frequencies or positions 

of the SPR band, and P0
abs and Pabs(t) are the plasmon peak intensity, before and after laser 

excitation, respectively. We measured the absorbance of Ag-TiO2 before excitation to include as 

constant fit parameters and the values after excitation were variables for fitting. The results of 

fitting the transient absorption spectrum at early time delays to equation (6.4) are shown in Figure 

6.18. The fits accurately modeled the experimental results. 
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Figure 6.18. Fitting of TA spectra to a difference of Gaussian functions as shown in equation (6.4). 

Black traces are the fits. 

Figure 6.19 shows the time dependence of ω(t) and ΩSPR(t) after excitation. There is a clear shift 

in the ΩSPR(t) and changes in the SPR width (ω(t)) over time. This clear shift of the SPR band is 

proposed to be a result of the interaction of Ag with TiO2.
139 This could further support the electron 

transfer from Ag to TiO2 at visible excitation.  
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Figure 6.19. Plasmon band parameters ΩSPR (t) (blue trace) and ω(t) (purple trace) as determined 

from Gaussian fit in equation (6.4) are shown as a function of time. 

 

 While we cannot quantify the electron transfer from Ag to TiO2 in the Ag-TiO2 film, given 

the data we have shown, we can certainly conclude that there is an interaction between Ag and 

TiO2 in the film. It is possible that the electron transfer from the Ag to TiO2 is a direct electron 

transfer which occurs on the order of 20 fs.36 Such fast electron transfer cannot be observed with 

the time resolution of our experiment. This process involves direct generation of hot electrons in 

the electron absorbing orbitals of the semiconductor, in this case TiO2. This can occur when the 

semiconductor is in close contact with the metal. This is certainly possible for our Ag-TiO2 film 

given that the Ag nanoparticles are in direct contact with TiO2.  

6.4   Conclusions 

Multicolor photochromism in Ag-TiO2 is a well-established phenomenon. However, not a lot of 

work has been done to understand the excited state properties of Ag-TiO2 films. We used 

femtosecond transient absorption spectroscopy to gain further insights into the Ag-TiO2 system 

upon UV and visible illumination. Using 300 nm pulses to excite TiO2 in the Ag-TiO2 film, we 

successfully excited electrons within TiO2 which were then transferred into the Ag nanoparticles. 
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The electron transfer from TiO2 to Ag upon UV illumination was around 2 ps. This electron 

transfer supports the co-catalysis effect, where electrons excited from the valence band to 

conduction band of the semiconductor TiO2, accumulated in the TiO2 conduction band and then 

transferred over to a co-catalyst, Ag.  

 We also explored the effects of visible illumination on the Ag-TiO2 film. With 450 nm 

excitation, TiO2 alone will not promote electrons into its conduction band. However, with Ag 

nanoparticle interaction, when the Ag SPR band is excited, it can directly transfer its electron over 

to TiO2. While we were unable to quantify this electron transfer, we presented evidence that could 

indicate the electron transfer could simply be too fast to observe in the time resolution of our 

experiments. A fast electron transfer on the order of 20 fs would be indicative of a direct electron 

transfer to a semiconductor from the metal. In order to further study the visible illumination of the 

Ag-TiO2 film, it would be useful to probe signals in the near infrared or infrared. There, we could 

monitor signals that are due only to TiO2 and would not have contributions from the SPR in Ag 

NPs. Clearly, there is still more to be discovered about the nature of electron transfer in Ag-TiO2 

films upon visible illumination. Gaining further insights into this mechanism could lead to further 

understanding the applications that these materials can be used for. 
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Chapter 7.     Conclusions and Outlook 

 

In this dissertation, we studied optical and excited-state properties in complex metal alloy systems. 

First, we explored the steady-state optical properties in (Ga1-xZnx)(N1-xOx) nanoparticles. In 

Chapter 3, optical properties in (Ga1-xZnx)(N1-xOx) were explored using diffuse reflectance 

spectroscopy. We used a band fluctuations model, where an Urbach tail and a direct bandgap were 

fit to diffuse reflectance transformed Kubelka-Munk plots of samples with various x values and 

differing compositions. We determined that there is an Urbach tail with energies of ~160-180 meV 

in all samples, regardless of composition or elemental distribution. A trend in the inhomogeneous 

samples was observed, where the Urbach energy increased with increasing x value. Perhaps an 

increase in the ZnO content results in greater inhomogeneity, thus increasing the Urbach tail. Since 

all samples, homogenous and heterogeneous, exhibited the Urbach tail, it must not simply be due 

to inhomogeneity, but also defect states.  

Next, we studied the excited-state properties in (Ga1-xZnx)(N1-xOx) nanoparticles. Chapters 

4 and 5 informed the behavior of excited charge carriers. First, in Chapter 4, we focused on the 

transient absorption (TA) study of nanoparticles with x=0.40 that were synthesized at 650 °C. We 

discovered that the carriers in these particles exhibit a carrier density-dependent spectral blueshift 

which is described by the Burstein-Moss effect. Knowing that the carrier decay in these particles 

could be modeled using the Burstein-Moss theory, we were able to calculate the reduced effective 

mass of excited carriers. We found that the reduced effective mass in (Ga0.6Zn0.4)(N0.6O0.4) 

nanoparticles is quite large, 0.68m0, where m0 is the electron rest mass. This lends us to information 

about the curvature of the bands and the mobilities of the carriers in these particles. We also sought 

to determine the origin of the short and long-lived decay components previously observed in (Ga1-
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xZnx)(N1-xOx) nanoparticles. Using a carrier recombination model, we determined that the short-

lived component is a result of trap mediated and Auger recombination within the particles. We 

found that the trap mediated and Auger recombination rate constants agree with literature values 

for semiconductor systems. The long-lived component was thought to be a result of a broad 

distribution of trap states and trap-limited recombination. From here, we moved on to study the 

excited-state decay in particles with different elemental distributions. 

 In Chapter 5, we compared the trap mediated and Auger recombination rate constants in 

(Ga1-xZnx)(N1-xOx) nanoparticles with homogeneous (synthesized at 800 °C) and heterogeneous 

(synthesized at 650 °C) distributions. The recombination rate constants were very similar among 

all the particle samples studied. In other words, the elemental distribution did not change the carrier 

dynamics. In this chapter, we also observed the NIR TA spectra and used MB as an electron 

scavenger to determine which carriers, electrons or holes, the TA signals were due to. We 

determined that free carriers observed in the NIR are most likely signal from holes and the short 

decay component we observe in the visible bleach is also due to holes, while the long-lived signal 

is due to electrons. Further work with more electron and hole scavenger experiments could 

conclusively demonstrate the signal dependence on each carrier.  

 Finally, in Chapter 6, we used TA spectroscopy to study an Ag-TiO2 film. We were able 

to quantify the electron transfer from TiO2 to Ag upon UV illumination as 2 ps, which supports 

the co-catalysis effect. We also studied the excited state spectra and decay kinetics of the Ag-TiO2 

film after visible illumination and determined that there is certainly an interaction between Ag and 

TiO2 when the SPR is excited in Ag. We were unable to conclusively determine whether the signals 

observed were in fact due to electron transfer into TiO2, but we do believe it is possible that the 
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transfer occurs on a very fast timescale, supporting a direct electron transfer. Further studies 

exploring TA signals in the NIR will lend to a better understanding of this electron transfer.  

 The main goal of the work presented in this dissertation was to gain new insights about the 

excited-state and optical properties of complex materials. The excited-state dynamics in (Ga1-

xZnx)(N1-xOx) nanoparticles have previously not been comprehensively studied or well understood. 

Ag-TiO2 is a system that has been studied using electrochemical methods, but extensive work to 

study the excited-state dynamics of Ag-TiO2 films using femtosecond transient absorption 

spectroscopy was requiring more study. The work in this dissertation expands our fundamental 

knowledge of these materials. In particular, we now have a better understanding of the behavior 

of charge carriers in these materials after excitation. Knowledge of this fundamental behavior can 

provide insights into future material production for solar fuel generation.
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