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ABSTRACT 
 

 
 

NANOSCALE IMAGING OF PHOTONIC AND ENERGY TRANSFER PROCESSES IN 

PHOTOCATALYTIC NANOMATERIALS  

 
 
 

With the increasing demand for renewable energy, there is an urgent need to develop 

advanced materials that enhance solar energy conversion and photoelectrochemical reactions. This 

research addresses these challenges by investigating semiconductor nanomaterials, particularly 

hybrid molecule-nanocrystal composites, for next-generation photocatalysis and hydrogen 

production. This work focuses on two key strategies to improve light-harvesting efficiency: defect-

mediated energy transfer and photon recycling. Chapters 1 through 5 explore defect-mediated 

energy transfer using zinc oxide nanocrystals coupled to molecular dye acceptors. Chapter 2 

introduces defect-mediated energy transfer at the ensemble-level, while Chapter 3 introduces 

single-molecule microscopy as a tool to spatially resolve active donor–acceptor pairs and 

highlights the development of a single-molecule fluorescence microscopy imaging methodology 

to study defect-mediated energy transfer. Chapter 4 investigates single-molecule measurements of 

zinc oxide nanocrystal/dye conjugates, revealing how sample heterogeneity impacts energy 

transfer efficiency, and Chapter 5 discusses future directions to measure the defect donor transition 

dipole moment. Chapter 6 investigates photon recycling within nanostructured photoanode 

systems, where emitted photons are reabsorbed locally as a method to improve solar-to-hydrogen 

efficiency via a correlative widefield microspectroscopy approach. Lastly, Chapter 7 explores 

using single-molecule fluorescence microscopy to investigate the binding behavior of methyl 

viologen on the surface of single CdSe/CdS quantum dots via analysis of fluorescence blinking. 
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Altogether, this dissertation advances the understanding of both photonic and energy transfer 

mechanisms in photocatalytic nanomaterials. By integrating spectroscopic and single-particle 

techniques, it lays the foundation for designing hybrid nanomaterials with optimized energy flow 

and charge dynamics. This research paves the way for designing next-generation materials and 

technologies to address the pressing need for sustainable energy solutions. 
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CHAPTER 1: INTRODUCTION TO FÖRSTER RESONANCE ENERGY TRANSFER (FRET) 

AND DEFECT-MEDIATED ENERGY TRANSFER 

 
 

1.1 Introduction to Förster Resonance Energy Transfer (FRET) 

Förster Resonance Energy Transfer (FRET) is a non-radiative process by which energy is 

transferred from an excited donor molecule to an acceptor molecule through long range dipole-

dipole interactions.1 FRET has been widely studied in molecular systems and is referred to as a 

“spectroscopic ruler” in molecular and biomolecular systems due to small changes in donor-

acceptor distance (R) causing large changes in fluorescence intensities and the overall energy 

transfer efficiency.2,3 In a FRET process, the energy of an excited donor is transferred to a ground-

state acceptor positioned in its vicinity through Coulombic dipole−dipole interactions.4,5 The 

efficiency and rate of energy transfer (EnT) are governed by the distance between the donor and 

the acceptor (typically 10 nm or less), the extent of spectral overlap between the emission of the 

donor and the absorption of the acceptor, and the relative orientation of the donor and acceptor 

transition dipole moments with respect to each other.4,5 The term ‘resonance’ signifies that in order 

for the FRET interaction to occur, the electronic excited states of the donor and acceptor need to 

have some correspondence between their energy levels.6 This factor is incorporated in FRET 

theory by the overlap integral which describes the probability that transitions in the donor and 

acceptor will have the same frequency (i.e. be in resonance) as shown in Equation 1.5,6 In Equation 

1, FD(λ) is the normalized emission spectrum of the donor and εA(λ) is the extinction coefficient 

spectrum for the acceptor with units of M−1cm−1.5                                                               𝐽(𝜆) =  ∫ 𝐹𝐷(𝜆)𝜀𝐴∞0 (𝜆)𝜆4𝑑𝜆                                            (Eq. 1.1) 
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The rate of EnT, kT(r) is given by Equation 2 where the lifetime of the donor is τD in the absence 

of the acceptor, the Förster distance is R0, and the average donor-acceptor distance R.5 

                                                                       𝑘𝑇(𝑟) =  1𝜏𝐷 (𝑅0𝑅 )6
                                                         (Eq. 1.2) 

The Förster distance (R0) is defined by Equation 3 in terms of the overlap integral J, the quantum 

yield of the donor QD, the dipole orientation factor κ2, NA is Avogadro’s number, and n is the 

refractive index of the medium.5  

                                                                      𝑅0 = √9000 ln(10)𝜅2𝑄𝐷𝐽128𝜋5𝑁𝐴𝑛46
                                           (Eq. 1.3) 

Lastly, FRET efficiency can be calculated using the Förster distance and the average donor-

acceptor distance as shown in Equation 4.5 This equation depicts that FRET efficiency scales with 

R-6 distance dependence for dipole-dipole EnT systems.  

                                                                        𝐸 =  11+ ( 𝑅𝑅0)6                                                         (Eq. 1.4) 

1.2 Introduction to Defect-Mediated Energy Transfer 

Defects in semiconductor nanocrystals (NCs), such as ZnO or perovskites, can introduce 

localized states within the bandgap that participate in EnT processes.7 These defect states can serve 

as intermediate energy levels, facilitating non-radiative EnT to acceptor molecules in a manner 

similar to traditional FRET, but influenced by defect-related recombination processes. This 

mechanism enables tunable EnT properties that depend on the density and nature of the defects.  
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1.3 Overview of the Following Dissertation Chapters  

This research aims to improve solar energy conversion in semiconductors through 

controlling energy flow from donor NCs to acceptor dye molecules through utilizing intrinsic 

defects in the crystal lattice, a concept most of the community believes to be a hindrance rather 

than an opportunity to enhance device performance and provide a sustainable pathway for solid-

state lighting. Chapter 1 introduces the concept of defect-mediated EnT at the ensemble level, 

using a model system of ZnO NCs and dye acceptors.8 This chapter explores the potential of 

utilizing defects to enhance EnT and improve solar energy conversion efficiency and evaluated the 

validity of the point dipole approximation via a spectroscopic distance-dependence FRET study. 

However, ensemble-level studies are limited by the inability to spatially resolve individual defect 

sites, necessitating the use of single-molecule fluorescence microscopy to pinpoint emissive defect 

locations and distinguish active acceptor dye molecules. 

Chapter 2 outlines progress in the development of a super-optical resolution imaging 

method to pinpoint defects on single ZnO nanocrystals.9 A key scientific achievement of this work 

is the development of an alternating ultraviolet-visible laser excitation pulse sequence combined 

with multicolor photon detection, which successfully distinguishes between isolated nanocrystals 

and nanocrystals coated with molecules. This research provides a molecular-level description of 

the role defects and surface facets play in EnT, paving the way for controlling energy flow between 

nanocrystals and molecules, an exciting prospect for photocatalysis and solid-state lighting 

applications. 

Chapter 3 presents work in single-molecule measurements of conjugate systems. The 

efficiency of EnT is influenced by the number of dye molecules attached to each NC and the donor-

acceptor distance, both of which vary across individual NCs in a sample. While ensemble-level 
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steady-state and time-resolved fluorescence spectroscopy have provided average values for donor-

acceptor distances, dye-to-NC ratios, and EnT rate constants in colloidal samples, questions remain 

about the impact of donor/acceptor heterogeneity on observed EnT efficiencies. Notably, ensemble 

measurements cannot distinguish between bare NCs, EnT-active NC/dye pairs, and inactive 

conjugates, limiting the ability to design systems with 100% EnT efficiency. To address this, 

defect-mediated EnT between ZnO NC donors and AlexaFluor dye acceptors was studied at the 

single-molecule and single-nanocrystal levels. Super-optical resolution imaging analysis revealed 

that 16% of the colloidal ZnO/dye conjugate sample consists of bare ZnO NCs and 20% of dye/NC 

pairs are EnT-inactive, likely contributing to residual defect photoluminescence (PL) observed in 

ensemble-level measurements and reducing overall EnT efficiency. Additionally, PL trajectories 

of NC/dye conjugates exhibited distinct micro-fluctuations, which are absent in isolated ZnO NCs. 

The micro-fluctuations indicate a dynamic EnT process where the ZnO/dye conjugate fluctuates 

between EnT “on” and “off” states faster than the millisecond time resolution of the experiment, 

supported by a photophysical model analyzed via kinetic Monte Carlo (kMC) simulations. These 

findings highlight the impact of sample heterogeneity on EnT processes and provide insights for 

designing light-harvesting systems with optimized EnT efficiency. Future aims of this research 

include imaging single defects on larger nanostructures and exploiting their photocatalytic 

properties. The transformative outcome of this work will result in a molecular-level description of 

the role of defects in the EnT process and ultimately enable the nanoscience community to control 

energy flow between NCs and molecules, creating exciting opportunities for photocatalysis and 

solid-state lighting applications. Chapter 5 discusses the identification of the defect donor 

transition dipole moment for controlling energy flow in nanocrystal/molecule EnT systems. 
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Understanding the dipole orientation of defect states is crucial for optimizing EnT efficiency and 

designing energy conversion systems that leverage defect-mediated pathways. 

Chapter 6 addresses photon recycling, a process that enhances efficiency by re-absorbing 

emitted light between neighboring nanoreactors in an ensemble to improve solar-to-hydrogen 

conversion efficiency. The mutual influence of several proximal nanoreactors was characterized 

using a simultaneous widefield/confocal PL microspectroscopy technique developed to compare 

widefield maps from optical excitation on single and neighboring nanoreactors with correlative 

scanning electron microscopy images. Lastly, Chapter 7 focuses on current research analyzing 

charge transfer through single-molecule blinking trajectory measurements of core-shell CdS/CdSe 

quantum dots coupled with methyl viologen.  

Together, this dissertation research addresses critical challenges in sustainable energy by 

advancing the understanding of defect-mediated EnT, photocatalysis, and photon recycling. By 

investigating the role of defects in semiconductor nanomaterials, this work contributes to 

improving solar energy conversion and hydrogen production, providing insights into the 

development of next-generation materials for sustainable energy technologies. 

1.4 Professional and Research Development   

This dissertation investigates defect-mediated EnT across multiple scales and 

systems. This first chapter of this dissertation investigates defect-mediated EnT at the ensemble-

level using steady-state and time-resolved PL spectroscopy, which resulted in a publication in the 

Journal of Physical Chemistry B (Lustig, D., Buz, E., Mulvey, J., Patterson, J., Kittilstved, K., and 

Sambur, J., Characterizing the Ligand Shell Morphology of PEG-Coated ZnO Nanocrystals Using 

FRET Spectroscopy, J Phys Chem B 2023 127 (41), 8961-897)8. Chapter 2 explores the 

development of a fluorescence microscopy imaging technique to evaluate defect-mediated EnT at 



 
 

6 

the single-molecule level, which was published in the Journal of Chemical and Biomedical 

Imaging (Lustig, D., Nilsson, N., Mulvey, J., Zang, W., Pan, X., Patterson, J., and Sambur, J., 

Toward Imaging Defect-Mediated Energy Transfer between Single Nanocrystal Donors and 

Single Molecule Acceptors, Chem. Biomed. Imaging 2023 1 (2), 168-178).9 Chapter 3 shows the 

use of the developed imaging methodology on evaluating the defect-mediated EnT activity in ZnO 

NC/dye conjugate pairs, published in the Journal of Chemical and Biomedical Imaging (Lustig, 

D., Buz, E., Mulvey, J., Prasad, P., Bird, O., Dukovic, G., Kittilstved, K., Patterson, J., and Sambur, 

J., Single-Molecule Fluorescence Microscopy Reveals Energy Transfer Active versus Inactive 

Nanocrystal/Dye Conjugate Pairs, Chem. Biomed. Imaging 2025, 

https://doi.org/10.1021/cbmi.5c00009).10 Chapter 4 outlines future directions, including 

polarization-resolved measurements to analyze the transition dipole moment of defect donors; this 

work contributed to a successful user proposal at the Los Alamos National Laboratory Center for 

Integrated Nanotechnologies (Lustig, D., Sambur, J., Van Orden, A., Imaging Defect-Mediated 

Energy Transfer between Single Nanocrystal Donors and Single Molecule Acceptors. Los Alamos 

National Laboratory Center for Integrated Nanotechnologies User Proposal, #2024AU0169).  

As part of the Department of Energy’s Energy Frontier Research Center (EFRC), 

Ensembles of Photochemical Nanoreactors, Chapter 5 investigates photon recycling in pseudo-

random arrays of III–V nanowires. This Chapter shows the development of a custom-built 

simultaneous widefield/confocal photoluminescence microspectroscopy technique that resolves 

optical coupling phenomena between individual nanoreactors, which was published in the Journal 

of Physical Chemistry C (Lustig, D., Chen, F., Zhang, W., Bird, O., J., Fajardo Jr. Ardo, S., Hu, 

S., Talin, A., Bala Chandran, R., and Sambur, J., Models and Measurements Quantify Photon 
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Recycling, Charge-Carrier Diffusion, and Photon Scattering Contributions to Photoluminescence 

in InP Nanowire Arrays, J Phys Chem C 2025, 129, 17, 8270–8283).11 

My dissertation research has culminated in four first-author peer-reviewed publications, 

over ten conference posters and presentations, including the opportunities to attend and present at 

an international Gordon Research Conference, speaking at the American Chemical Society’s Fall 

2024 Meeting's Rising Stars in Analytical Chemistry symposium, and presenting at the 2023 EFRC 

PI Meeting. Additionally, this research has been supported by competitive fellowships from CSU’s 

College of Natural Sciences, the Department of Chemistry, and the Energy Institute, including the 

Office of the Vice President for Research Fellowship, the Teresa Fonseca Memorial award, the 

Kathleen, Thor, and Kara Juneau Fellowship in Chemistry, the Gary E. Maciel Fellowship, and a 

Cogen Summer Intern Fellowship at CSU’s Energy Institute.   

Mentorship has been a cornerstone of my graduate research. I have supervised four STEM 

undergraduate researchers via the CSU MURALS program, one M.A. student in teaching English 

as a foreign language via the CSU graduate peer mentoring program, one physics M.S. student, 

and one physical chemistry Ph.D. student. My mentees contributed to experimental design, data 

collection, and presentations. Many have since gone on to pursue graduate or professional careers 

in science and engineering. 
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CHAPTER 2: CHARACTERIZING THE LIGAND SHELL MORPHOLOGY OF PEG-

COATED ZnO NANOCRYSTALS USING FRET SPECTROSCOPY1 

 
 
 
2.1 Overview 

 
Polyethylene glycol (PEG) ligands can inhibit proteins and other biomolecules from 

adhering to underlying surfaces, making them excellent surface ligands for nanocrystal-based drug 

carriers. Quantifying the PEG ligand shell morphology is important because its structure 

determines the permeability of biomolecules through the shell to the nanocrystal (NC) surface. 

However, few in situ analytical tools can reveal whether the PEG ligands form either an 

impenetrable barrier or a porous coating surrounding the NC. Here, we present a Förster resonance 

energy transfer (FRET) spectroscopy-based approach that can assess the permeability of molecules 

through PEG-coated ZnO NCs. In this approach, ZnO NCs serve as FRET donors and freely 

diffusing molecules in the bulk solution are FRET acceptors. We synthesized a series of variable 

chain length PEG-silane-coated ZnO NCs such that the longest chain length ligands far exceed the 

Förster radius (R0), where the energy transfer (EnT) efficiency is 50%. We quantified the EnT 

efficiency as a function of ligand chain length using time-resolved photoluminescence lifetime 

(TRPL) spectroscopy within the framework of FRET theory. Unexpectedly, the longest PEG-

silane ligand showed equivalent EnT efficiency as bare, hydroxyl-passivated ZnO NCs. These 

results indicate that the “rigid shell” model fails, and the PEG ligand shell morphology is more 

likely porous or in a patchy “mushroom state”, consistent with transmission electron microscopy 

 
1Reproduced with permissions from Lustig, D., Buz, E., Mulvey, J., Patterson, J., Kittilstved, K., and Sambur, J. 
Characterizing the Ligand Shell Morphology of PEG-Coated ZnO Nanocrystals Using FRET Spectroscopy. Journal 
of Physical Chemistry B 2023, 127(41): 8961-8973. Copyright 2023, American Chemical Society.  
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data. While the spectroscopic measurements and data analysis procedures discussed herein cannot 

directly visualize the ligand shell morphology in real space, the in-situ spectroscopy approach can 

provide researchers with valuable information regarding the permeability of species through the 

ligand shell under practical biological conditions. 

 

Figure 2.1. Chapter 1 overview: cartoon illustration of defect-mediated EnT between ZnO NC donors and A555 
acceptors. Identifying the PEG-silane ligand conformation through FRET spectroscopy.  

 
2.2 Introduction 

Nanocrystals (NCs) are attractive image contrast agents1–3 and drug delivery vehicles2–10 

due to their high photostability and diverse surface functionality.1,4–6,11 NC surfaces can be tailored 

with surface capping ligands that serve multiple purposes. First, the ligand chemistry and structure 

determines how the NC interacts with the environment, such as the ability to target and bind 

specific biomolecules via receptors.11–15 Second, ligand properties determine the colloidal stability 

of NCs.11,14–17 Understanding the ligand shell morphology is important because it partially 

determines the long-term colloidal stability and chemical and/or structural integrity of the NC core.  

Of all the candidate ligands, PEG-containing ligands with anchoring groups to the NC core 

are widely employed and studied for pharmaceutical and other biomedical applications.14,18 PEG 

is widely used as a “gold standard” polymer in nanomedicine because it can extend the half-life of 

drug carriers by prolonging circulation in the bloodstream, thereby improving drug efficacy.5,6,19–

22 PEG chains achieve this long-term stability by inhibiting plasma proteins and other biomolecules 
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from adhering to NC surfaces.12,23–30 This beneficial stability requires the PEG ligand shell to form 

an impenetrable barrier between the NC core and external environment.  

Monitoring protein adsorption through PEG ligands has been used as a proxy to study the 

surface coating morphology because adsorption of plasma proteins to the underlying NC is the 

most influential factor deciding NC stability for drug delivery applications.6 Considerable research 

efforts on plasma protein adsorption to NC surfaces has revealed some degree of permeability 

through PEG barriers.12,23,24,26 Du et al. showed that coating a lipid monolayer with PEG5000 

(molecular weight (MW) = 5000 Da)31 inhibits protein absorption when the lipid surface is 

completely covered by PEG.25 Under these high coverage conditions, grafting density calculations 

predicted that the PEG coating adopts a brush-like conformation, resulting in the inhibition of 

protein adhesion.25 Conversely, Gref et al. observed that increasing the PEG MW above 5000 units 

does not further decrease or completely inhibit plasma protein adsorption.26 Hence, experimental 

observations of permeability through PEG membranes, as evidenced by plasma protein adsorption 

to the underlying NC surface are not completely consistent,6,12 and likely vary due to the MW and 

surface density of the PEG ligand.28 Conflicting reports on PEG’s ability to inhibit protein 

adsorption or corona formation32 has questioned its efficacy for drug delivery applications.5,19,33,34 

One possible reason for the conflicting reports on PEG coating durability is that few 

straightforward analytical techniques exist that have the potential to characterize the ligand shell 

permeability under practical conditions for drug delivery (e.g., at room temperature and in a 

complex solvent matrix). 1H NMR spectroscopy can be used to determine the interactions between 

PEG ligands and estimate the ligand density coverage (ligands/nm2).35,36 The 1H NMR relaxation 

time has been used to determine the PEG chain conformation near a solid surface.28 However, 

assigning the peaks can be challenging and long data acquisition times are necessary, which limits 
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the ability to quantify or even detect dynamic changes in the surface coating.36 Furthermore, 

sample preparation such as freeze-drying causes particle aggregation, which complicates data 

interpretation due to an unknown amount of PEG-coated surface area.6 Dynamic light scattering 

(DLS) spectroscopy can measure protein and biomolecule MW distributions in solution.37 This 

technique measures changes in the Brownian motion of particles,37 which could be related to 

whether the NCs are coated by a thin dense shell or a thick porous coating.38 Difficulties in sample 

preparation and methods to characterize the surface ligand structure under practical conditions6,35 

has motivated computer simulations to predict PEG morphology under various conditions.6,12,39 

Experimental techniques are needed to assess the PEG ligand shell morphology and/or 

permeability under the same solution-phase conditions as the simulations. 

Here, we develop a FRET spectroscopy-based approach to characterize PEG ligand shell 

permeability in liquid solvent at room temperature. FRET has been applied as a “spectroscopic 

ruler” for measuring intermolecular distances between peptides40 and quantifying real-time 

dynamic changes of proteins41 and DNA42 under biologically relevant conditions. In this study, 

PEG-silane coated colloidal ZnO semiconductor NCs serve as FRET donors and Alexa Fluor 555 

(A555) dye molecules are FRET acceptors. ZnO NCs were chosen as a model metal oxide NC 

core material because (1) ZnO NCs are non-toxic, inexpensive, and have excellent 

biocompatibility;7,8,43–45 (2) ZnO is listed as a safe substance by the United States Food and Drug 

Administration and exhibits long-term stability in air and sunlight;1,46 and (3) ZnO NCs exhibit a 

broad visible “defect” emission upon being excited with supra-bandgap illumination and a wide 

range of commercially available acceptor dye molecules can engage in defect-mediated EnT with 

the NC core.47–50 We synthesized a series of variable chain length PEG-coated NCs and 

characterized EnT efficiency as a function of PEG chain length. We hypothesized that if the PEG-
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silane ligand acts as a rigid shell with radius R surrounding the NC core, then EnT efficiency would 

decrease with increasing chain length with an R-6 dependence, in agreement with FRET theory.51,52 

TRPL measurements showed that EnT efficiency initially decreased with increasing chain length, 

but not with the expected R-6 dependence. Surprisingly, EnT efficiency increased even as the ligand 

length increased far beyond the critical Förster radius R0, where EnT efficiency is 50%. We discuss 

the most likely ligand shell morphology based on literature and transmission electron microscopy 

(TEM) data. We envision that this FRET spectroscopy-based approach can be applied to a wide 

range of organic or inorganic ligand-coated NC materials. 

2.3 Methods 

2.3.1 Uncoated ZnO NC Synthesis (ZnO-0) 

The following reagents were purchased and used as received: zinc acetate dihydrate 

(Zn(OAc)2·2H2O, Sigma Aldrich or Fisher), 200-proof ethanol (100%, Pharmco-Aeper), ethanol 

(spectroscopic grade, Sigma Aldrich), tetramethylammonium hydroxide (TMAOH, 25% in 

methanol, Sigma Aldrich), tetramethylammonium hydroxide pentahydrate (TMAOH·5H2O, 97%, 

Acros Organics), heptane (99.6% Fisher), and hexanes (99.9%, Fisher). The following PEG-

silanes were purchased from Gelest, Inc. and used as received: 

methoxytriethyleneoxypropyltrimethoxysilane (PEG-3, 92%), 3-[methoxy(polyethyleneoxy)6-

9propyl]trimethoxysilane (PEG-(6-9), 90%, technical grade), 3-[methoxy(polyethyleneoxy)9-

12propyl]trimethoxysilane (PEG-(9-12), technical grade), and 3-[methoxy(polyethyleneoxy)21-

24propyl]trimethoxysilane (PEG-(21-24), technical grade). The fluorescent dye, A555 carboxylic 

acid, tris(triethylammonium) salt was received as a powder and dissolved in spectrophotometric 

grade ethanol to a final concentration of 600 nM (Thermo Fisher, catalog number A33080).  
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ZnO NCs were synthesized via a base hydrolysis reaction using zinc acetate dihydrate in 

ethanol, following the approach of Wood et al.53 This reaction produces ZnO NCs coated with 

acetate and hydroxyl groups. We refer to this sample as ZnO-0 because no PEG ligands are present 

on the ZnO NC surface. In a typical reaction, Zn(OAc)2 ⋅2H2O (1.0 g, 4.56 mmol) was dissolved 

in ethanol (100 mL) in a 250-mL round bottom flask. The solution was heated to 68 °C and stirred 

to ensure the complete dissolution of the zinc acetate. Once the zinc acetate precursor dissolved, 2 

mL of a 25% methanolic solution of TMAOH was added to the flask as quickly as possible and 

initiated ZnO nucleation and growth via base-catalyzed hydrolysis and condensation. We define 

the TMAOH injection step as t = 0. At t = 378 min, 10 mL of the reaction mixture was extracted 

from the flask and injected into 30 mL of hexanes, causing the NCs to precipitate. This reaction 

time produces 4.3 ± 0.5 nm diameter ZnO NCs.54 The mixture was centrifuged to separate the NCs 

from the unreacted Zn2+ and TMAOH. The supernatant was discarded and the NCs were 

resuspended in spectrophotometric grade ethanol. This washing procedure was repeated five times. 

The washed NCs were stored at 4°C. All reagents were used as received and without further 

purification.  

2.3.2 PEG-silane coated ZnO Nanocrystal Synthesis 

Silane-capped colloidal ZnO NCs were synthesized by the modification of the ZnO-0 NC 

synthesis. In a typical reaction, Zn(OAc)2 ⋅2H2O (0.88 g, 4.0 mmol) was dissolved in ethanol (20 

mL) at 75 °C under argon flow. Prior to addition of the hydroxide reactant, PEG-silane (40 mol% 

relative to the zinc precursor, 0.4 equivalent of PEG-silane to Zn2+) was added while stirring. The 

reaction was initiated by dropwise addition of an ethanolic solution of 1 M TMAOH (8 mL), 

prepared from TMAOH·5H2O over the course of ~3 minutes. The reaction was allowed to continue 

at 75 °C for 30 minutes after TMAOH addition. The flask was then cooled down to room 
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temperature and the PEG-silane ZnO NCs were precipitated from ethanol by adding heptane and 

collected via centrifugation. The NCs were washed with heptane three times, resuspended in 

ethanol, and stored in the fridge at 4 °C. For all PEG-silane coated ZnO NC syntheses the mole 

ratio of OH−:Zn2+ was 2 and the [OH−]:[Zn2+] concentration ratio was 5. 

2.3.3 Nanocrystal Characterization 

The absorbance and emission properties of the ZnO NCs were characterized by UV-Vis 

absorption spectroscopy and steady-state photoluminescence (PL) spectroscopy (Horiba Duetta 

Fluorescence and Absorbance Spectrometer). All spectra were measured at room temperature 

using colloidal NC suspensions in spectrophotometric grade ethanol and 1 cm pathlength quartz 

cuvettes. Figure A1 shows the absorbance spectra of all PEG-silane ligands. The absolute quantum 

yield (QY) measurement method was used to determine the PL QY of the NC defect emission 

(Edinburgh Instruments FS5 spectrophotometer equipped with an integrating sphere).55 The NC 

diameters were determined using powder X-ray diffraction (XRD, Rigaku Smartlab SE) using the 

Halder-Wagner (H-W) method56 using reference database: 01-080-0075: PDF-2.57 Further details 

of the size determination routine and data are given in the Supporting Information (see Figure A2). 

ZnO NCs were prepared for high-resolution TEM analysis by drop casting the NCs from a solution 

of ethanol onto a lacey carbon TEM grid (Electron Microscopy Sciences) and allowing for 

complete solvent evaporation at room temperature. TEM images were obtained on a JEOL-2100F 

TEM using a Schottky-type field emission gun operating at 200 keV and collected using a Gatan 

OneView camera. 

We estimated the molarity of the ZnO NC samples using the average particle size 

determined by powder XRD and the total Zn2+ concentration determined by inductively coupled 

plasma - optical emission spectroscopy (ICP-OES; Perkin Elmer Optima 4300 DV). To determine 
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the total Zn2+ NC concentration, 0.2 μL of the NC stock solution was dissolved in 2 mL of 

concentrated nitric acid and was stirred overnight. The solution was further diluted to achieve 5% 

nitric acid solution for analysis. To calculate the concentration of NCs in each aliquot, we 

determined the total number of NCs that could be formed from the total number of Zn atoms in 

the solution assuming that the ZnO NCs were spherical and calculated the particle from the XRD 

data in Figure 2.2c. We utilized the unit cell volume for wurtzite ZnO (47.66 Å3) and 2 formula 

units per wurtzite unit cell to calculate the total number of Zn atoms per NC. We also assumed that 

the ZnO lattice parameters do not change with NC size. Table A1 contains the concentration for 

all NC samples. 

2.3.4 EnT Measurements 

Steady-state and TRPL spectroscopy were used to study EnT from ZnO NC donors to dye 

acceptors. TRPL measurements were performed on an Edinburgh Instruments FS5 equipped with 

a 300 nm pulsed LED (EPLED, 100 kHz). The optical density of the exciton peak was adjusted to 

0.1 for all colloidal NC samples to prevent NC aggregation, as evidenced by a prominent scattering 

tail in the visible region of absorbance spectra. For the steady-state PL experiments, microliter 

volumes of the 600 nM ethanolic A555 dye were incrementally injected into 3 mL of colloidal 

ZnO NC solution. PL spectra of ZnO/dye mixtures were excited at 340 nm. All TRPL data was 

acquired at 576 nm. The defect PL peak maxima for all samples is 580 ± 10 nm. Multi-channel 

scaling (MSC) photon counting mode was used because this method is suitable for the ZnO NC 

donors with long lifetimes (ns). TRPL data was deconvoluted from the instrument response 

function (IRF) using a general exponential equation with a background offset (Edinburgh, 

Fluoracle). Figure A3 shows representative examples of the IRF deconvolution procedure. 
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2.4 Results  

2.4.1 Sample Design and Characterization  

We first designed a series of ZnO NC samples coated with variable chain length ligands 

and then studied how EnT efficiency varies as a function of chain length. If the ligand chains 

conformally coat the NC surface and extend into solution, forming a rigid ligand shell as shown in 

Figure 2.2a, then we expect EnT efficiency to decrease with chain length and equal 50% when the 

chain length is R0. To test the rigid ligand shell hypothesis, we synthesized hydroxyl-coated (ZnO-

0) and PEG-coated ZnO NC samples (ZnO-3, ZnO-(6-9), ZnO-(9-12), and ZnO-(21-24), where 

the numbers indicate the number or range in numbers of ethylene glycol repeat units in the non-

hydrolyzable silane chain in Figure 2.2a) using established literature protocols. 

Figure 2.2b shows absorbance spectra of the hydroxyl and PEG-coated ZnO NCs in 

ethanol. All absorbance spectra exhibit a sharp onset at 360 nm and an excitonic absorption peak 

between 330 and 340 nm. The XRD peak profiles of ZnO NCs were analyzed by the Halder-

Wagner (H-W) method to estimate the average particle size, yielding 4.3 ± 0.5, 5.8 ± 0.5, 5.7 ± 

0.4, 5.0 ± 0.6, and 3.7 ± 0.7 nm core diameters for the ZnO-0, ZnO-3, ZnO-(6-9), ZnO-(9-12), and 

ZnO-(21-24) samples, respectively (see Figure A2 for details).56 Figure 2.2a depicts the final 

sample morphologies, considering the slightly different NC core sizes for each sample. The NC 

core size changes slightly for each sample for two reasons. First, the PEG-silane ligands are present 

in the reaction mixture during NC growth. The presence of the ligand can change the viscosity of 

the solution and, therefore, the rate of the reaction can vary for each ligand. Second, the NC core 

diameter is expected to decrease with increasing chain length, as demonstrated by Nolf et al. for 

CdSe NCs.58 Those authors observed smaller NCs formed in the presence of longer and longer 

chain length ligands due to the change in the diffusion coefficient and solubility of the CdSe 



18 
 

solute.58 Nonetheless, our data analysis model accounts for the minor differences in photophysical 

properties for the slightly different core sizes. XRD results (Figure 2.2c) confirm all the NC 

samples share the same hexagonal wurtzite crystal structure,59 and no significant impurity phase 

appear in the reaction products.60 Furthermore, we do not find any significant change in XRD 

patterns of ZnO NCs for PEG-silane chain lengths of 3, 6-9, or 9-12, confirming that increasing 

PEG-silane coating does not influence the crystallinity of the NCs. However, one additional peak 

appears in the XRD pattern of ZnO-(21-24) (Figure 2.2c, asterisk). This peak may be attributed to 

excess PEG monomer in solution. The substantial size of this long PEG ligand may adversely 

affect the ZnO NC growth kinetics, causing slow consumption of PEG monomers.  

The ATR-FTIR (attenuated total reflectance – Fourier transform infrared) spectra of PEG-

coated ZnO NCs confirm that each sample is successfully coated with a PEG ligand (Figure 2.2d). 

The following absorption features increase with increasing chain length. The broad absorption 

peak at 3440 cm−1 observed in all samples can be assigned to the –OH stretching of hydroxyl 

groups present on the NC surface.60 The strong absorption peak at 2860 cm–1 and the shoulder at 

2930 cm–1 can be assigned to symmetric and asymmetric stretching of -CH2, respectively.60 

Symmetric and asymmetric –CH2 stretching originates from the propyl and ethylene glycol repeat 

unit in all PEG ligands. We observe an increase in the intensity of the –CH2 stretching peak at 

2860 cm–1 as the repeating unit increases from PEG-3 to PEG-(21-24).60 Ligand specific peaks at 

1350 cm–1 and 1245 cm–1 can be assigned to ethylene glycol –CH2 wagging and twisting modes, 

respectively.61 The peak at approximately 1100 cm–1 can be assigned to Si–O–Si asymmetrical 

stretching, indicating the presence of siloxane layer.62–64 The peak at approximately 855 cm–1 can 

be assigned to Zn–O–Si stretching, which is a strong indication of silane capping along with the 

presence of different –CH2 stretching modes.48,60 Since trialkoxysilanes are well-known self-
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assembled monolayer (SAM) molecules, we expect to form a siloxane monolayer on the surface 

of ZnO NCs.65,66 We also note that C–O–C stretching in the ethylene glycol unit will also appear 

approximately at the same region of the IR spectrum. The pronounced shoulder at 1135 cm–1 for 

all PEG-coated ZnO NCs may be attributed to the C–O–C stretching.63 Like the –CH2 stretching 

mode at 2840 cm–1, we observe an increase in the intensity of wagging and twisting modes with 

increasing number of repeating units. The peak intensities increase with increasing chain length 

because, under conditions of nominally equivalent NC concentration, more and more bond 

vibrations in the longer and longer PEG chains contribute to the absorption signal. In summary, 

we successfully prepared a series of ligand-coated ZnO NCs that should allow us to test the 

hypothesis that EnT efficiency decreases as the rigid ligand shell extends beyond R0. 
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Figure 2.2 (a) Cartoon illustration of hydroxyl and PEG-coated ZnO NCs drawn to scale. The blue shaded region 
surrounding the NC core represents the PEG-silane ligand shell thickness if the coating forms a rigid, impermeable 
shell. The red dashed circle represents R0, assuming the donor dipole is located at the NC core. The atomic structure 
of the PEG-silane ligand is provided for clarity and not drawn to scale. The red, white, and grey atoms are oxygen, 
silicon, and carbon atoms respectively. (b) Normalized absorbance spectra in ethanol, (c) powder XRD patterns of 
PEG-coated ZnO NCs. The reference pattern for the bulk hexagonal wurtzite structure of ZnO is shown as the grey 
lines (01-080-0075: PDF-2). (d) ATR-FTIR spectra of PEG-coated ZnO NCs. The dashed lines indicate the important 
peaks in the FTIR spectra (see main text for details) and are numbered from 1 to 6 where 1 = –OH stretching, 2 = –
CH2 stretching, 3 = –CH2 wagging (ether), 4 = –CH2 twisting (ether), 5 = Si–O–Si stretching, 6 = Zn–O–Si.  

2.4.2 Defect-Mediated EnT between ZnO NC Donors and Dye Acceptors 

Figure 2.3a shows a cartoon illustration of the EnT process between ZnO NCs and A555 

acceptors. Upon exciting the bandgap of ZnO NCs with 340 nm light, defect energy levels in the 

NC bandgap can trap charge carriers. These trapped carriers can decay radiatively, resulting in a 

broad visible PL peak at 585 nm (Figure 2.3b). Although the origin of the visible emission is highly 



21 
 

debated, it is most likely attributed to oxygen vacancies for these samples48–50,67–72 and/or hole 

trapping at surface hydroxyl groups.73 Because the absorption of A555 overlaps with the defect 

PL (see pink shaded region in Figure 2.3b), the trapped carriers can also participate in a defect-

mediated EnT process with A555 at or near the NC-solution interface, as schematically shown in 

Figure 2.3a.54,67,74 Note, A555 absorbs very little UV light, specifically at photon energies that also 

excite the ZnO NCs. Hence, the absorption properties of the donor and acceptor allow us to 

selectively excite the ZnO NC donor in the presence of the acceptor. 

 

Figure 2.3. (a) Cartoon illustration of defect-mediated EnT between ZnO NC donors and A555 acceptors. (b) 
Normalized absorbance (dashed lines) and emission spectra (solid lines) of ZnO-(21-24) NCs (black lines) and A555 
dye (red lines) in ethanol. The overlap integral between the ZnO PL emission and the A555 dye acceptor absorption 
is depicted as the pink shaded region. (c) Representative steady-state PL spectrum for ZnO-(9-12) NCs with increasing 
concentrations of A555 dye. The yellow trace represents the emission spectrum of bare ZnO NCs. All other traces 
represent ZnO/dye mixtures. The excitation wavelength was 340 nm. (d) PL intensities versus bulk dye concentration 
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from the data in panel c. The red circles represent the ZnO defect emission at 515 nm. The blue triangles represent the 
dye emission intensity at 587 nm. 

We employed steady-state and TRPL spectroscopy to demonstrate the EnT process 

between PEG-coated ZnO NCs and A555 dye acceptors. FRET requires a spectral overlap between 

the donor’s emission spectrum and the acceptor’s absorbance spectrum. There is significant 

spectral overlap between the ZnO NC defect emission and the A555 dye absorbance (pink shaded 

region in Figure 2.3b), which allows FRET to proceed through a defect-mediated process. Figure 

2.3c shows representative steady-state PL spectra of ZnO-(9-12) NCs as a function of increasing 

A555 concentration. The yellow spectral trace is the defect emission for ZnO NCs alone in ethanol. 

Upon exciting the ZnO NCs with 340 nm light, the defect emission (400 nm - 540 nm) gradually 

decreases with increasing bulk A555 concentration. At the same time, the A555 fluorescence 

intensity at 587 nm dramatically increases (Figure 2.3c). Figure A4 shows that acceptor emission 

enhancement in the presence of the donor cannot be explained by direct excitation of the dye 

because we only observe weak fluorescence intensity from the isolated dye under 340 nm 

excitation light. Figure 2.3d shows how the donor emission decreases and acceptor emission 

increases versus A555 concentration. The simultaneous donor PL quenching and acceptor PL 

enhancement in Figure 2.3d indicates that the photoexcited ZnO NCs induce the A555 

fluorescence via a defect-mediated EnT process (Figure 2.3d).54,67,74 We observed the same trends 

in Figure 2.3 for all ZnO NC samples. However, we quantified the EnT efficiency of the NC-dye 

mixtures using TRPL experiments because the PL lifetime measurements are more accurate than 

steady-state PL quenching efficiencies; lamp fluctuations can impact the interpretation of steady-

state data.71 
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2.4.3 EnT Efficiency as a Function of Ligand Chain Length 

EnT efficiency can be calculated from TRPL data by monitoring how the NC defect donor 

PL lifetime changes with increasing acceptor concentration.71 Calculating EnT efficiency is 

important because it allows us to assess PEG shell permeability and to estimate the average donor-

acceptor distance R, which sheds light on the likely PEG shell morphology. Figure 2.4a shows a 

representative TRPL decay data for ZnO-(6-9) NCs as a function of bulk acceptor concentration. 

The TRPL curves have been deconvoluted from the IRF through a fitting procedure (see Figure 

A3). The ZnO NC defect PL decays faster in the presence of A555 acceptors, and this trend occurs 

for all NC samples (see Figure A5). PL decay quenching indicates the EnT processes between the 

NC donor and dye acceptor outpaces radiative recombination within the NC.  
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Figure 2.4. (a) Normalized TRPL decay traces for ZnO-(6-9) NCs alone (black dots) and in the presence of increasing 
concentrations of A555 (blue dots). The pink dots represent a saturated concentration (300 nM) of A555. Red lines 
represent fits of the data using Eqs. 2.1 and 2.2 for the NCs alone and mixtures, respectively. (b) The EnT rate constant 
(kq) for all PEG-silane ZnO samples as a function of increasing acceptor concentration. The dashed lines are guides 
for the eye. (c) λs as a function of increasing A555 concentration for all PEG-silane ZnO samples. Error bars represent 
95% confidence intervals. The solid lines are fits to a Langmuir adsorption isotherm (Eq. A2). (d) EnT efficiency 
calculated using Eq. 2.3 as a function of increasing A555 concentration for ZnO samples with varying PEG-silane 
length. The dashed lines are guides for the eye. 

 
Next, we analyzed the TRPL decay data for ZnO NC samples as a function of acceptor 

concentration using the stochastic binding model developed by Sadhu et. al.71 This model was 

originally developed to quantify EnT kinetics between CdS quantum dot donors and Nile Red dye 

acceptors,71 and was recently adapted to study defect-mediated EnT between bare ZnO NCs and 
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dye acceptors.54,67 Beane et al. adapted the model for defect-mediated EnT between ZnO NCs and 

dye acceptors.67 Our group also adapted the model in a size-dependent defect-mediated EnT study, 

which allowed us to reveal the average separation distance between emissive defects in ZnO NCs 

and surface-adsorbed A555 acceptors.54 The stochastic binding model assumes (1) EnT between 

the NC donor and dye acceptor occurs in competition with unimolecular decay processes, 

specifically the radiative decay of the NC donor; (2) the distribution of the number of dye 

molecules attached to one NC follows a Poisson distribution; (3) all attached dye molecules quench 

the donor emission equally; (4) the intrinsic decay processes of the NCs are unaffected by the 

attachment of the dye molecules; and (5) any acceptor molecule can participate in EnT; adsorbed 

and near-surface molecules that penetrate the ligand shell can participate in EnT.71 Additionally, 

the model also accounts for the PL decay of the ZnO NC donors does not follow single exponential 

kinetics.71 First, we fit the TRPL decay curve of the ZnO NC donors alone (see red line fit to black 

data points in Figure 2.4a) using Eq. 2.1, 

 
𝐼(𝑡)𝐼0 = 𝑒𝑥𝑝{−𝑘0𝑡 − 𝜆𝑡[1 − 𝑒𝑥𝑝(−𝑘𝑞𝑡𝑡)]} (Eq. 2.1) 

where I is the intensity at any time t, I0 is the intensity of the decay curve at time t = 0 s, k0 is the 

radiative decay rate of photoexcited NCs in the absence of the acceptor molecule, λt is the average 

number of non-radiative trap states per NC, which are distributed according to Poisson statistics, 

and kqt is the quenching rate due to the presence of the non-radiative traps. Next, we fit the TRPL 

decay data as a function of increasing acceptor concentration using Eq. 2.2 

 
𝐼(𝑡)𝐼0 = 𝑒𝑥𝑝{−𝑘0𝑡 − 𝜆𝑡[1 − 𝑒𝑥𝑝(−𝑘𝑞𝑡𝑡)] − 𝜆𝑠[1 − 𝑒𝑥𝑝(−𝑘𝑞𝑡)]} (Eq. 2.2) 

where λs is the mean number of dye molecules per NC according to Poisson statistics and kq is the 

rate of EnT.71  We initially fit the TRPL decay data to determine kq and λs using fixed values of λt, 

kqt, and k0 obtained from control, donor-alone experiments. Figure 2.4b shows that kq is essentially 
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independent of acceptor concentration for all NC samples, consistent with the fact that kq is a rate 

constant. To minimize the error in λs, we re-fit all the TRPL data using Eq. 2.2 using a single, 

averaged kq value obtained from all acceptor concentrations. Figure 2.4c shows that λs expectedly 

increases with bulk A555 concentration and saturates at approximately 2 molecules per NC for the 

ligand-coated NC samples. The bare ZnO NC samples bind more A555 dye molecules (4 per NC), 

likely because their surfaces are not covered by bulky ligands. We fit the λs curves in Figure 2.4d 

to a simple Langmuir adsorption isotherm (Eq. A2, dashed lines), which yields the equilibrium 

binding constant, K. Figure A6 shows that the equilibrium binding constant of the bare ZnO NCs 

is about 50% larger than the ligand-coated samples. However, K is independent of ligand length, 

likely because the linker chemistry between the ZnO NC surface and PEG-silane groups does not 

depend on chain length. Thus, any change in EnT efficiency is likely not due to different binding 

affinities between the variable chain length PEG-silane ligands and the NC surface.  

Finally, we calculate the EnT efficiency for each NC/dye system according to Eq. 2.3,  

                                              𝛷𝐸𝑛𝑇 = 1 − ∑ ∑ (𝜆𝑆𝑛𝑒−𝜆𝑆𝑛! )(𝜆𝑡𝑛′𝑒−𝜆𝑡𝑛′! )
[1+𝑛𝑘𝑞𝑘0 +𝑛′𝑘𝑞𝑡𝑘0 ]∞𝑛=0∞𝑛=0

∑ (𝜆𝑡𝑛′𝑒−𝜆𝑡𝑛′! )
[1+𝑛′𝑘𝑞𝑡𝑘0 ]∞𝑛′=0

                     (Eq. 2.3) 

where n is the integer number of attached dye molecules per NC and n′ is the integer number of 

non-radiative traps.71 Figure 2.4d shows that EnT efficiency is greatest for the ZnO-0 sample and 

surprisingly independent of chain length. Unexpectedly, the sample with the longest PEG-silane 

chain length, ZnO-(21-24), exhibits an EnT value close to that of ZnO-0. In the Discussion Section 

that follows, we explore how the EnT data in Figure 2.4d can be used to deduce a qualitative 

description of the ligand shell morphology for these PEG-silane capped ZnO NCs. 
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2.5 Discussion 

Surprisingly, we observed that defect-mediated EnT efficiency between PEG-silane-coated 

ZnO NCs and A555 acceptors was independent of ligand chain length (Figure 2.4d). The blue 

circles in Figure 2.5 plot the maximum EnT values from Figure 2.4d versus ligand chain length. 

In this view, the EnT efficiency decreases slightly from ZnO-0 to ZnO-(6-9), and then the EnT 

efficiency surprisingly increases with increasing PEG chain length. This observation starkly 

contrasts what would be expected if the PEG ligands formed a rigid shell surrounding the NC core, 

as will be discussed below.  

 

Figure 2.5. EnT efficiency as a function of varying PEG-silane length in units of nm. Blue data points are 
experimentally determined EnT values at 128 nM A555 dye concentrations from Figure 2.4d. The blue line is a guide 
for the eye. Red data points are calculated using Eq. 4, where the R0 values were calculated for each NC sample using 
Eq. A3 and R = L (see inset and main text for discussion). The solid red line is a guide for the eye, calculated via Eq. 
4 using R0 = 3.5 nm (see vertical black dashed line). Horizontal error bars are ± 1.5 nm for the distribution of PEG-
silane ligand lengths in the sample. Pink data points were calculated using the same procedure as the red data points, 
but for R = L + r. The pink solid line is a guide for the eye, calculated via Eq. 4 using R0 = 2.2 nm.  

 

We first consider whether the PEG-silane ligands extend from the NC surface and form a 

dense surface coating that is impenetrable to dye molecules from the bulk solution. Scheme 2.1 

shows a cartoon illustration of this rigid ligand shell model geometry for each NC sample. The 

cartoon illustrations consider a single defect site per NC and 2 surface-bound molecules, 

corresponding to the number of surface-bound molecules determined experimentally for the PEG-
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silane capped samples (Figure 2.4c). The large gray circles and small red dots represent the ZnO 

NCs and defect donor sites, respectively. The solid blue circles represent the rigid ligand shell 

diameter if the ligands extended radially from the NC surface in a dense, packed morphology. 

Scheme 2.1 also considers two extreme cases for the defect site locations. In one case (top row), 

the defect sites reside at the NC core. In another case (bottom row), the defects exist at the NC 

surface (right side of Scheme 2.1). The dashed red circles in Scheme 2.1 represent the critical 

Förster distance R0 (Eq. A3), defined as a circle with a centroid position at the defect site and a 

radius R0. According to Förster theory, any acceptor molecule located within a distance R0, and 

with the proper orientation factor relative to the donor dipole, will participate in the EnT process 

with >50% efficiency.52 Molecules located within R0 can participate in EnT and are indicated by 

pink ovals; the white ovals represent EnT-inactive dye molecules. 
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Scheme 2.1. Cartoon models that illustrate the rigid shell geometry of the PEG-silane coated ZnO NCs. (a-d) 
Geometric model for ZnO NCs with defect sites located at the core. (a) ZnO-0, (b) ZnO-(3); (c) ZnO-(6-9); and (d) 
ZnO-(21-24). All features drawn to scale. (e-h) same as (a-d), but for defect sites located at the NC surface. See main 
text for details.  

 

Having developed a simple geometric model of these ligand-coated NCs, we then 

calculated the expected EnT efficiency for each sample in Scheme 2.1 using Eq. 2.4. In one 

scenario, where the defect dipole is located at the NC core, R in Eq. 2.4 is defined as the sum of 

the radius of the NC (r) and the ligand chain length (L, see inset of Figure 2.5). The pink squares 

in Figure 2.5 represent calculated E values assuming this geometry. In another scenario, where the 

defect sites are located at the NC surface (red triangles in Figure 2.5), R is just the ligand chain 

length. We also account for the sample dependent R0 values (Table A1). The predicted EnT 

efficiency values decrease faster with increasing chain length for the core defect case because 
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acceptor molecules are farther way from the donor dipole located at the NC core. Figure 2.5 shows 

that the experimentally determined EnT values do not follow the trend predicted by the rigid shell 

model, regardless of the defect site locations within the NC.  

 𝐸 =  11+ ( 𝑅𝑅0)6 (Eq. 2.4) 

Next, we compare and attempt to rationalize differences between the experimental and 

predicted values in Figure 2.5. For the ZnO-0 samples, all surface bound molecules lie within a 

distance R0 if all defects are located at the NC core (Scheme 2.1a). If the defect site resides at the 

surface (Scheme 2.1f), then it is possible that molecules located on the opposite side of the NC 

will not participate in EnT. This geometry effect could explain why the observed EnT efficiency 

of the ZnO-0 samples is slightly less than the predicted values (Figure 2.5).  

The difference between experimental and predicted EnT efficiency values widens for the 

ZnO-3 sample (Figure 2.5), which can be rationalized by the cartoon geometry in Scheme 2.1b,f. 

Scheme 2.1b shows the geometry of the ZnO-3 sample with the defect sites located at the NC core. 

For this sample, R0 is smaller than the rigid ligand shell boundary and, therefore, we would not 

expect to observe EnT because molecules cannot penetrate through the ligand shell to a distance 

R0 from the core defect. If instead the defect is located at the NC surface (Scheme 2.1f), then it is 

possible that dye molecules can approach a distance R0 from the surface defect. The observed EnT 

efficiency for ZnO-3 is >50% indicates that the defect sites responsible for EnT are likely located 

at the NC surface. The EnT efficiency for ZnO-3 is lower than ZnO-0 likely because the ligand 

shell prevents some molecules from reaching a distance R0 from the surface and/or core defects. 

The situation changes for longer chain length samples because R0 becomes much shorter 

than the ligand shell diameter. For the ZnO-(6-9) sample, dye molecules can no longer engage in 

EnT with the core defects (Scheme 2.1c) and can barely approach R0 for the surface defect case 
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(Scheme 2.1g). Interestingly, the experimental EnT efficiency remains high (>75%) even though 

the rigid shell model predicts EnT efficiency <50%. Surprisingly, the EnT efficiency further 

increases for the ZnO-(9-12) sample and reaches a maximum for the ZnO-(21-24) sample. The 

high EnT efficiency of the ZnO-(21-24) sample cannot be explained by surface defect location 

because the ligand length is much longer than R0 (Scheme 2.1f). In summary, the “rigid shell” 

model could explain the results for the ZnO-0, ZnO-3, and ZnO-(6-9) samples, but is likely invalid 

for the long chain PEG-silane ligands (i.e., ZnO-(9-12) and ZnO-(21-24)).   

An alternative explanation for the high EnT efficiency values for the ZnO-(9-12) and ZnO-

(21-24) samples is that molecules can penetrate the ligand shell through either gaps between PEG 

chains or pinholes. For example, Scheme 2.2a shows a cartoon illustration of molecules 

intercalating into void space between PEG chains. Literature evidence for this possibility exists. 

Lin et al. observed the greatest steric repulsion between colloidal gold nanoparticles with high 

molecular weight PEG ligands,75 suggesting that long PEG chain ligands (both within the same 

nanoparticle and between neighboring particles) generally repel each other. An alternative scenario 

is that the PEG ligand morphology can be described as the so-called “mushroom state”, where 

ligand chains coil together and form sparse patches on the NC surface (Scheme 2.2b). This ligand 

coiling effect can produce gaps on the NC surface that allows for acceptor molecules to approach 

the NC surface. Indeed, Lee et al. performed molecular dynamics simulations of protein binding 

to PEGylated lipid bilayers and observed that proteins penetrate through bare lipid patches in the 

bilayer because the PEG chains exist in a flexible mushroom state.12 Relatedly, Rahme et al. also 

observed for colloidal gold nanoparticles that PEG ligand density decreased with increasing PEG 

chain length, which could also be explained by the mushroom state effect.37 Xu et al. observed a 

similar mushroom conformation for PEG-coated poly(lactic-co-glycolic acid) particles.76 
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Unfortunately, ensemble-level FRET spectroscopy cannot directly image and, therefore, 

distinguish between the two cases in Scheme 2.2. 

 

Scheme 2.2. Models for the NC/PEG-silane donor-acceptor systems, where the PEG-silane ligand conformation is 
depicted in blue. The number of acceptor molecules bound to the NC surface was determined from λs values (pink 
circles). (a) Model for a shorter length PEG-silane ligand in the brush conformation. (b) Model for a longer PEG-
silane ligand in the mushroom conformation. 

We attempted to directly image the ligand shell morphology using TEM. This task is 

difficult because the PEG coating has very low contrast compared to the ZnO core. To do so, we 

prepared dried films of particles that formed layers over holes in the TEM grid. This enabled us to 

image particle surfaces and interfaces between particles without interface from the TEM grid 

material. Figure 2.6a shows a representative TEM image of the ZnO-0 sample that does not contain 

PEG chains on the NC surface. Distinct surface facets appear for each NC, and the NC surface 

boundaries exhibit well-defined edges in the TEM images. However, for the ZnO-(21-24) sample 

coated with long PEG chains, a light-contrast amorphous coating can be seen on the NC surfaces 

(Figure 2.6b yellow arrows). Figure A7 shows lower magnification TEM images of PEG-silane 

coated ZnO particles. Interestingly, some NC surfaces exhibit the coating (Figure 2.6b,c yellow 

arrows) while other NC surfaces appear bare, or have significantly reduced coating density (Figure 

2.6b,c red arrows). This suggests that the PEG coating is heterogeneously distributed across the 

surfaces of the nanoparticles, consistent with our TRPL results. This ligand shell heterogeneity 

could explain how dye molecules penetrate through gaps in the ligand shell and engage in EnT 

with the NC core/surface defect sites. The TEM images support the FRET spectroscopy 
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measurements, but only provide a snapshot of the sample under dry conditions. The advantage of 

the FRET spectroscopy approach is that it provides an estimate of ligand shell permeability under 

solution-phase conditions. 

 

Figure 2.6. TEM images of (a) ZnO-0 and (b-c) ZnO-(21-24) on a lacey carbon TEM grid. Yellow arrows indicate 
amorphous material on the NC surface. Red arrows indicate bare or sparsely coated NC surface regions. 

The significance of the results presented herein is that ensemble-level FRET-based 

measurements, coupled with a geometric model-based analysis (i.e., Scheme 2.1), can provide 

information regarding the ability of small molecules from the external environment to access NC 

surfaces through a ligand shell. Researchers can disperse ligand-coated NCs in pure solvent and/or 

a complex matrix containing a dye FRET pair and use the procedures presented herein to assess 

whether the NC core remains isolated from species in the bulk solution, or whether those species 

can penetrate through the ligand shell. We envision this approach will be beneficial for researchers 

in the colloidal nanoparticle community. 

2.6 Conclusion 

We synthesized a series of variable chain length PEG-silane coated ZnO NCs and 

quantified the efficiency of a defect-mediated EnT process between the NCs and dye molecules 

using TRPL spectroscopy. The EnT efficiency did not sharply decrease with increasing ligand 

length (i.e., the expected R−6 dependence within the FRET framework). A555 dye molecules can 
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apparently penetrate to the NC core and participate in the EnT process even though 8 nm long PEG 

ligands coat the NC surface. These results could not be explained by a “rigid shell” model where 

the PEG ligands extend radially from the NC core and form an impenetrable barrier to solution 

phase dye molecules. Instead, molecules likely either intercalate into a porous PEG shell or directly 

access voids between coiled PEG chains. While the spectroscopic measurements and data analysis 

procedures discussed herein cannot directly characterize the ligand shell morphology, the approach 

can provide researchers in the colloidal NC community with valuable information regarding the 

permeability of species from the external environment through the ligand shell. One exciting 

possibility is to leverage a large library of commercially available ligands and dye molecules to 

study the relationship between ligand structure/chemistry and ligand shell permeability for a wide 

range of NC materials. 

2.7 Author Contributions  

 According to CRediT criteria, my contributions to this work included conceptualization, data 

curation, formal analysis, investigation, methodology, visualization, writing – original draft, and 

writing – reviewing and editing. E.B. synthesized PEG-silane-coated ZnO NCs and performed 

UV/Vis, XRD, and FTIR characterization measurements. K.R.K. provided characterization 

interpretation. J.T.M. and J.P.P. performed TEM measurements and provided TEM data 

interpretation. D.R.L. and J.B.S. designed all experiments and wrote the manuscript. 

 

 

 

 

 



35 
 

REFERENCES 
 
(1) Xiong, H.-M. ZnO Nanoparticles Applied to Bioimaging and Drug Delivery. Adv. Mater. 
2013, 25 (37), 5329–5335. https://doi.org/10.1002/adma.201301732. 
(2) Eixenberger, J. E.; Anders, C. B.; Wada, K.; Reddy, K. M.; Brown, R. J.; Moreno-Ramirez, 
J.; Weltner, A. E.; Karthik, C.; Tenne, D. A.; Fologea, D.; Wingett, D. G. Defect Engineering of 
ZnO Nanoparticles for Bioimaging Applications. ACS Appl. Mater. Interfaces 2019, 11 (28), 
24933–24944. https://doi.org/10.1021/acsami.9b01582. 
(3) Sahoo, R. K.; Rani, S.; Kumar, V.; Gupta, U. Zinc Oxide Nanoparticles for Bioimaging 
and Drug Delivery. In Nanostructured Zinc Oxide; Elsevier, 2021; pp 483–509. 
https://doi.org/10.1016/B978-0-12-818900-9.00021-8. 
(4) Mitchell, M. J.; Billingsley, M. M.; Haley, R. M.; Wechsler, M. E.; Peppas, N. A.; Langer, 
R. Engineering Precision Nanoparticles for Drug Delivery. Nat. Rev. Drug Discov. 2021, 20 (2), 
101–124. https://doi.org/10.1038/s41573-020-0090-8. 
(5) Hoang Thi, T. T.; Pilkington, E. H.; Nguyen, D. H.; Lee, J. S.; Park, K. D.; Truong, N. P. 
The Importance of Poly(Ethylene Glycol) Alternatives for Overcoming PEG Immunogenicity in 
Drug Delivery and Bioconjugation. Polymers 2020, 12 (2), 298. 
https://doi.org/10.3390/polym12020298. 
(6) Shi, L.; Zhang, J.; Zhao, M.; Tang, S.; Cheng, X.; Zhang, W.; Li, W.; Liu, X.; Peng, H.; 
Wang, Q. Effects of Polyethylene Glycol on the Surface of Nanoparticles for Targeted Drug 
Delivery. Nanoscale 2021, 13 (24), 10748–10764. https://doi.org/10.1039/D1NR02065J. 
(7) Martínez-Carmona, M.; Gun’ko, Y.; Vallet-Regí, M. ZnO Nanostructures for Drug 
Delivery and Theranostic Applications. Nanomaterials 2018, 8 (4), 268. 
https://doi.org/10.3390/nano8040268. 
(8) Yuan, Q.; Hein, S.; Misra, R. D. K. New Generation of Chitosan-Encapsulated ZnO 
Quantum Dots Loaded with Drug: Synthesis, Characterization and in Vitro Drug Delivery 
Response. Acta Biomater. 2010, 6 (7), 2732–2739. https://doi.org/10.1016/j.actbio.2010.01.025. 
(9) Zheng, F.-F.; Zhang, P.-H.; Xi, Y.; Chen, J.-J.; Li, L.-L.; Zhu, J.-J. Aptamer/Graphene 
Quantum Dots Nanocomposite Capped Fluorescent Mesoporous Silica Nanoparticles for 
Intracellular Drug Delivery and Real-Time Monitoring of Drug Release. Anal. Chem. 2015, 87 
(23), 11739–11745. https://doi.org/10.1021/acs.analchem.5b03131. 
(10)  Li, Y.-C.; Rissanen, S.; Stepniewski, M.; Cramariuc, O.; Róg, T.; Mirza, S.; Xhaard, H.; 
Wytrwal,    M.; Kepczynski, M.; Bunker, A. Study of Interaction Between PEG Carrier and Three 
Relevant Drug Molecules: Piroxicam, Paclitaxel, and Hematoporphyrin. J. Phys. Chem. B 2012, 
116 (24), 7334–7341. https://doi.org/10.1021/jp300301z. 
(11)    Rizvi, S. A. A.; Saleh, A. M. Applications of Nanoparticle Systems in Drug 
Delivery Technology. Saudi Pharm. J. 2018, 26 (1), 64–70. 
https://doi.org/10.1016/j.jsps.2017.10.012. 
(12)   Lee, H.; Larson, R. G. Adsorption of Plasma Proteins onto PEGylated Lipid Bilayers: The 
Effect of PEG Size and Grafting Density. Biomacromolecules 2016, 17 (5), 1757–1765. 
https://doi.org/10.1021/acs.biomac.6b00146. 
(13)  Friedl, J. D.; Nele, V.; De Rosa, G.; Bernkop‐Schnürch, A. Bioinert, Stealth or Interactive: 
How Surface Chemistry of Nanocarriers Determines Their Fate In Vivo. Adv. Funct. Mater. 2021, 
31 (34), 2103347. https://doi.org/10.1002/adfm.202103347. 



36 
 

(14)  Otsuka, H.; Nagasaki, Y.; Kataoka, K. PEGylated Nanoparticles for Biological and 
Pharmaceutical Applications. Adv. Drug Deliv. Rev. 2003, 55 (3), 403–419. 
https://doi.org/10.1016/S0169-409X(02)00226-0. 
(15)  Heuer-Jungemann, A.; Feliu, N.; Bakaimi, I.; Hamaly, M.; Alkilany, A.; Chakraborty, I.; 
Masood, A.; Casula, M. F.; Kostopoulou, A.; Oh, E.; Susumu, K.; Stewart, M. H.; Medintz, I. L.; 
Stratakis, E.; Parak, W. J.; Kanaras, A. G. The Role of Ligands in the Chemical Synthesis and 
Applications of Inorganic Nanoparticles. Chem. Rev. 2019, 119 (8), 4819–4880. 
https://doi.org/10.1021/acs.chemrev.8b00733. 
(16)  Yang, C.; Gao, S.; Dagnæs-Hansen, F.; Jakobsen, M.; Kjems, J. Impact of PEG Chain 
Length on the Physical Properties and Bioactivity of PEGylated Chitosan/SiRNA Nanoparticles 
in Vitro and in Vivo. ACS Appl. Mater. Interfaces 2017, 9 (14), 12203–12216. 
https://doi.org/10.1021/acsami.6b16556. 
(17)  Endres, T.; Zheng, M.; Kılıç, A.; Turowska, A.; Beck-Broichsitter, M.; Renz, H.; Merkel, 
O. M.; Kissel, T. Amphiphilic Biodegradable PEG-PCL-PEI Triblock Copolymers for FRET-
Capable in Vitro and in Vivo Delivery of SiRNA and Quantum Dots. Mol. Pharm. 2014, 11 (4), 
1273–1281. https://doi.org/10.1021/mp400744a. 
(18)  Steinmetz, N. F.; Manchester, M. PEGylated Viral Nanoparticles for Biomedicine: The 
Impact of PEG Chain Length on VNP Cell Interactions In Vitro and Ex Vivo. Biomacromolecules 
2009, 10 (4), 784–792. https://doi.org/10.1021/bm8012742. 
(19)  Knop, K.; Hoogenboom, R.; Fischer, D.; Schubert, U. S. Poly(Ethylene Glycol) in Drug 
Delivery: Pros and Cons as Well as Potential Alternatives. Angew. Chem. Int. Ed. 2010, 49 (36), 
6288–6308. https://doi.org/10.1002/anie.200902672. 
(20)  Daou, T. J.; Li, L.; Reiss, P.; Josserand, V.; Texier, I. Effect of Poly(Ethylene Glycol) 
Length on the in Vivo Behavior of Coated Quantum Dots. Langmuir 2009, 25 (5), 3040–3044. 
https://doi.org/10.1021/la8035083. 
(21)  Suk, J. S.; Xu, Q.; Kim, N.; Hanes, J.; Ensign, L. M. PEGylation as a Strategy for 
Improving Nanoparticle-Based Drug and Gene Delivery. Adv. Drug Deliv. Rev. 2016, 99, 28–51. 
https://doi.org/10.1016/j.addr.2015.09.012. 
(22)  Li, S.-D.; Huang, L. Stealth Nanoparticles: High Density but Sheddable PEG Is a Key for 
Tumor Targeting. J. Controlled Release 2010, 145 (3), 178–181. 
https://doi.org/10.1016/j.jconrel.2010.03.016. 
(23)  Pelaz, B.; del Pino, P.; Maffre, P.; Hartmann, R.; Gallego, M.; Rivera-Fernández, S.; de la 
Fuente, J. M.; Nienhaus, G. U.; Parak, W. J. Surface Functionalization of Nanoparticles with 
Polyethylene Glycol: Effects on Protein Adsorption and Cellular Uptake. ACS Nano 2015, 9 (7), 
6996–7008. https://doi.org/10.1021/acsnano.5b01326. 
(24)  Sacchetti, C.; Motamedchaboki, K.; Magrini, A.; Palmieri, G.; Mattei, M.; Bernardini, S.; 
Rosato, N.; Bottini, N.; Bottini, M. Surface Polyethylene Glycol Conformation Influences the 
Protein Corona of Polyethylene Glycol-Modified Single-Walled Carbon Nanotubes: Potential 
Implications on Biological Performance. ACS Nano 2013, 7 (3), 1974–1989. 
https://doi.org/10.1021/nn400409h. 
(25)  Du, H.; Chandaroy, P.; Hui, S. W. Grafted Poly-(Ethylene Glycol) on Lipid Surfaces 
Inhibits Protein Adsorption and Cell Adhesion. Biochim. Biophys. Acta BBA - Biomembr. 1997, 
1326 (2), 236–248. https://doi.org/10.1016/S0005-2736(97)00027-8. 
(26)  Gref, R.; Lück, M.; Quellec, P.; Marchand, M.; Dellacherie, E.; Harnisch, S.; Blunk, T.; 
Müller, R. H. ‘Stealth’ Corona-Core Nanoparticles Surface Modified by Polyethylene Glycol 
(PEG): Influences of the Corona (PEG Chain Length and Surface Density) and of the Core 



37 
 

Composition on Phagocytic Uptake and Plasma Protein Adsorption. Colloids Surf. B Biointerfaces 
2000, 18 (3–4), 301–313. https://doi.org/10.1016/S0927-7765(99)00156-3. 
(27)  Efremova, N. V.; Bondurant, B.; O’Brie, D. F.; Leckband, D. E. Measurements of 
Interbilayer Forces and Protein Adsorption on Uncharged Lipid Bilayers Displaying 
Poly(Ethylene Glycol) Chains †. Biochemistry 2000, 39 (12), 3441–3451. 
https://doi.org/10.1021/bi992095r. 
(28)  Li, M.; Jiang, S.; Simon, J.; Paßlick, D.; Frey, M.-L.; Wagner, M.; Mailänder, V.; Crespy, 
D.; Landfester, K. Brush Conformation of Polyethylene Glycol Determines the Stealth Effect of 
Nanocarriers in the Low Protein Adsorption Regime. Nano Lett. 2021, 21 (4), 1591–1598. 
https://doi.org/10.1021/acs.nanolett.0c03756. 
(29)  Zhao, F.; Cheng, X.; Liu, G.; Zhang, G. Interaction of Hydrophobically End-Capped 
Poly(Ethylene Glycol) with Phospholipid Vesicles: The Hydrocarbon End-Chain Length 
Dependence. J. Phys. Chem. B 2010, 114 (3), 1271–1276. https://doi.org/10.1021/jp910024n. 
(30)  Timor, R.; Weitman, H.; Waiskopf, N.; Banin, U.; Ehrenberg, B. PEG-Phospholipids 
Coated Quantum Rods as Amplifiers of the Photosensitization Process by FRET. ACS Appl. Mater. 

Interfaces 2015, 7 (38), 21107–21114. https://doi.org/10.1021/acsami.5b04318. 
(31)  Abuchowski, A.; McCoy, J. R.; Palczuk, N. C.; Van Es, T.; Davis, F. F. Effect of Covalent 
Attachment of Polyethylene Glycol on Immunogenicity and Circulating Life of Bovine Liver 
Catalase. J. Biol. Chem. 1977, 252 (11), 3582–3586. https://doi.org/10.1016/S0021-
9258(17)40292-4. 
(32)  Moyano, D. F.; Saha, K.; Prakash, G.; Yan, B.; Kong, H.; Yazdani, M.; Rotello, V. M. 
Fabrication of Corona-Free Nanoparticles with Tunable Hydrophobicity. ACS Nano 2014, 8 (7), 
6748–6755. https://doi.org/10.1021/nn5006478. 
(33)  Verhoef, J. J. F.; Anchordoquy, T. J. Questioning the Use of PEGylation for Drug 
Delivery. Drug Deliv. Transl. Res. 2013, 3 (6), 499–503. https://doi.org/10.1007/s13346-013-
0176-5. 
(34)  Bunker, A. Poly(Ethylene Glycol) in Drug Delivery, Why Does It Work, and Can We Do 
Better? All Atom Molecular Dynamics Simulation Provides Some Answers. Phys. Procedia 2012, 
34, 24–33. https://doi.org/10.1016/j.phpro.2012.05.004. 
(35)  Garcia-Fuentes, M.; Torres, D.; Martín-Pastor, M.; Alonso, M. J. Application of NMR 
Spectroscopy to the Characterization of PEG-Stabilized Lipid Nanoparticles. Langmuir 2004, 20 
(20), 8839–8845. https://doi.org/10.1021/la049505j. 
(36)  Smith, A. M.; Johnston, K. A.; Crawford, S. E.; Marbella, L. E.; Millstone, J. E. Ligand 
Density Quantification on Colloidal Inorganic Nanoparticles. The Analyst 2017, 142 (1), 11–29. 
https://doi.org/10.1039/C6AN02206E. 
(37)  Rahme, K.; Chen, L.; Hobbs, R. G.; Morris, M. A.; O’Driscoll, C.; Holmes, J. D. 
PEGylated Gold Nanoparticles: Polymer Quantification as a Function of PEG Lengths and 
Nanoparticle Dimensions. RSC Adv 2013, 3 (17), 6085–6094. 
https://doi.org/10.1039/C3RA22739A. 
(38)  Jokerst, J. V.; Lobovkina, T.; Zare, R. N.; Gambhir, S. S. Nanoparticle PEGylation for 
Imaging and Therapy. Nanomed. 2011, 6 (4), 715–728. https://doi.org/10.2217/nnm.11.19. 
(39)  Pannuzzo, M.; Horta, B. A. C.; La Rosa, C.; Decuzzi, P. Predicting the Miscibility and 
Rigidity of Poly(Lactic- Co -Glycolic Acid)/Polyethylene Glycol Blends via Molecular Dynamics 
Simulations. Macromolecules 2020, 53 (10), 3643–3654. 
https://doi.org/10.1021/acs.macromol.0c00110. 



38 
 

(40)  Stryer, L.; Haugland, R. P. Energy Transfer: A Spectroscopic Ruler. Proc. Natl. Acad. Sci. 

U. S. A. 1967, 58 (2), 719–726. 
(41)  Sobakinskaya, E.; Schmidt am Busch, M.; Renger, T. Theory of FRET “Spectroscopic 
Ruler” for Short Distances: Application to Polyproline. J. Phys. Chem. B 2018, 122 (1), 54–67. 
https://doi.org/10.1021/acs.jpcb.7b09535. 
(42)  Didenko, V. V. DNA Probes Using Fluorescence Resonance Energy Transfer (FRET): 
Designs and Applications. BioTechniques 2001, 31 (5), 1106–1121. 
https://doi.org/10.2144/01315rv02. 
(43)  Van Embden, J.; Gross, S.; Kittilstved, K. R.; Della Gaspera, E. Colloidal Approaches to 
Zinc Oxide Nanocrystals. Chem. Rev. 2023, 123 (1), 271–326. 
https://doi.org/10.1021/acs.chemrev.2c00456. 
(44)  Zhang, Z.-Y.; Xiong, H.-M. Photoluminescent ZnO Nanoparticles and Their Biological 
Applications. Materials 2015, 8 (6), 3101–3127. https://doi.org/10.3390/ma8063101. 
(45)  Jiang, J.; Pi, J.; Cai, J. The Advancing of Zinc Oxide Nanoparticles for Biomedical 
Applications. Bioinorg. Chem. Appl. 2018, 2018, 1–18. https://doi.org/10.1155/2018/1062562. 
(46)  Rasmussen, J. W.; Martinez, E.; Louka, P.; Wingett, D. G. Zinc Oxide Nanoparticles for 
Selective Destruction of Tumor Cells and Potential for Drug Delivery Applications. Expert Opin. 

Drug Deliv. 2010, 7 (9), 1063–1077. https://doi.org/10.1517/17425247.2010.502560. 
(47)  Lyons, J. L.; Varley, J. B.; Steiauf, D.; Janotti, A.; Van de Walle, C. G. First-Principles 
Characterization of Native-Defect-Related Optical Transitions in ZnO. J. Appl. Phys. 2017, 122 
(3), 035704. https://doi.org/10.1063/1.4992128. 
(48)  Layek, A.; Stanish, P. C.; Chirmanov, V.; Radovanovic, P. V. Hybrid ZnO-Based 
Nanoconjugate for Efficient and Sustainable White Light Generation. Chem. Mater. 2015, 27 (3), 
1021–1030. https://doi.org/10.1021/cm504330k. 
(49)  Zhang, L.; Yin, L.; Wang, C.; lun, N.; Qi, Y.; Xiang, D. Origin of Visible 
Photoluminescence of ZnO Quantum Dots: Defect-Dependent and Size-Dependent. J. Phys. 

Chem. C 2010, 114 (21), 9651–9658. https://doi.org/10.1021/jp101324a. 
(50)  van Dijken, A.; Meulenkamp, E. A.; Vanmaekelbergh, D.; Meijerink, A. Identification of 
the Transition Responsible for the Visible Emission in ZnO Using Quantum Size Effects. J. Lumin. 
2000, 90 (3–4), 123–128. https://doi.org/10.1016/S0022-2313(99)00599-2. 
(51)  Beljonne, D.; Curutchet, C.; Scholes, G. D.; Silbey, R. J. Beyond Förster Resonance 
Energy Transfer in Biological and Nanoscale Systems. J. Phys. Chem. B 2009, 113 (19), 6583–
6599. https://doi.org/10.1021/jp900708f. 
(52)  Govorov, A.; Hernández Martínez, P. L.; Demir, H. V. Understanding and Modeling 

Förster-Type Resonance Energy Transfer (FRET); SpringerBriefs in Applied Sciences and 
Technology; Springer Singapore: Singapore, 2016. https://doi.org/10.1007/978-981-287-378-1. 
(53)  Wood, A.; Giersig, M.; Hilgendorff, M.; Vilas-Campos, A.; Liz-Marzán, L. M.; 
Mulvaney, P. Size Effects in ZnO: The Cluster to Quantum Dot Transition. Aust. J. Chem. 2003, 
56 (10), 1051. https://doi.org/10.1071/CH03120. 
(54)  Nilsson, Z. N.; Beck, L. M.; Sambur, J. B. Ensemble-Level Energy Transfer 
Measurements Can Reveal the Spatial Distribution of Defect Sites in Semiconductor Nanocrystals. 
J. Chem. Phys. 2021, 154 (5), 054704. https://doi.org/10.1063/5.0034775. 
(55)  Lakowicz, J. R. Principles of Fluorescence Spectroscopy, 3rd ed.; Springer: New York, 
2006. 



39 
 

(56)  Nath, D.; Singh, F.; Das, R. X-Ray Diffraction Analysis by Williamson-Hall, Halder-
Wagner and Size-Strain Plot Methods of CdSe Nanoparticles- a Comparative Study. Mater. Chem. 

Phys. 2020, 239, 122021. https://doi.org/10.1016/j.matchemphys.2019.122021. 
(57)  Garciamartinez, O.; Rojas, R.; Vila, E.; Devidales, J. Microstructural Characterization of 
Nanocrystals of ZnO and CuO Obtained from Basic Salts. Solid State Ion. 1993, 63–65, 442–449. 
https://doi.org/10.1016/0167-2738(93)90142-P. 
(58)  De Nolf, K.; Capek, R. K.; Abe, S.; Sluydts, M.; Jang, Y.; Martins, J. C.; Cottenier, S.; 
Lifshitz, E.; Hens, Z. Controlling the Size of Hot Injection Made Nanocrystals by Manipulating 
the Diffusion Coefficient of the Solute. J. Am. Chem. Soc. 2015, 137 (7), 2495–2505. 
https://doi.org/10.1021/ja509941g. 
(59)  Khorsand Zak, A.; Razali; Abd Majid, W. H. B.; Darroudi, M. Synthesis and 
Characterization of a Narrow Size Distribution of Zinc Oxide Nanoparticles. Int. J. Nanomedicine 
2011, 1399. https://doi.org/10.2147/IJN.S19693. 
(60)  Pranjali, P.; Meher, M. K.; Raj, R.; Prasad, N.; Poluri, K. M.; Kumar, D.; Guleria, A. 
Physicochemical and Antibacterial Properties of PEGylated Zinc Oxide Nanoparticles Dispersed 
in Peritoneal Dialysis Fluid. ACS Omega 2019, 4 (21), 19255–19264. 
https://doi.org/10.1021/acsomega.9b02615. 
(61)  Harder, P.; Grunze, M.; Dahint, R.; Whitesides, G. M.; Laibinis, P. E. Molecular 
Conformation in Oligo(Ethylene Glycol)-Terminated Self-Assembled Monolayers on Gold and 
Silver Surfaces Determines Their Ability To Resist Protein Adsorption. J. Phys. Chem. B 1998, 
102 (2), 426–436. https://doi.org/10.1021/jp972635z. 
(62)  Huang, H.-C.; Hsieh, T.-E. Highly Stable Precursor Solution Containing ZnO 
Nanoparticles for the Preparation of ZnO Thin Film Transistors. Nanotechnology 2010, 21 (29), 
295707. https://doi.org/10.1088/0957-4484/21/29/295707. 
(63)  Adumeau, L.; Genevois, C.; Roudier, L.; Schatz, C.; Couillaud, F.; Mornet, S. Impact of 
Surface Grafting Density of PEG Macromolecules on Dually Fluorescent Silica Nanoparticles 
Used for the in Vivo Imaging of Subcutaneous Tumors. Biochim. Biophys. Acta BBA - Gen. Subj. 
2017, 1861 (6), 1587–1596. https://doi.org/10.1016/j.bbagen.2017.01.036. 
(64)  Shang, X.; Zhu, Z.; Yin, J.; Ma, X. Compatibility of Soluble Polyimide/Silica Hybrids 
Induced by a Coupling Agent. Chem. Mater. 2002, 14 (1), 71–77. 
https://doi.org/10.1021/cm010088v. 
(65)  Tucker-Schwartz, A. K.; Farrell, R. A.; Garrell, R. L. Thiol–Ene Click Reaction as a 
General Route to Functional Trialkoxysilanes for Surface Coating Applications. J. Am. Chem. Soc. 
2011, 133 (29), 11026–11029. https://doi.org/10.1021/ja202292q. 
(66)  Chen, G.-S.; Chang, W.-H.; Chang, C.-C.; Chien, Y.-H.; Fang, J.-S.; Cheng, Y.-L. 
Structural Models and Barrier Properties of Amine-Terminated Trialkoxysilane Monolayers 
Incubated in Nonpolar vs. Polar Protic Solvents. Mater. Chem. Phys. 2021, 274, 125113. 
https://doi.org/10.1016/j.matchemphys.2021.125113. 
(67)  Beane, G. A.; Morfa, A. J.; Funston, A. M.; Mulvaney, P. Defect-Mediated Energy 
Transfer between ZnO Nanocrystals and a Conjugated Dye. J. Phys. Chem. C 2012, 
120125142738004. https://doi.org/10.1021/jp209638g. 
(68)  Vanheusden, K.; Warren, W. L.; Seager, C. H.; Tallant, D. R.; Voigt, J. A.; Gnade, B. E. 
Mechanisms behind Green Photoluminescence in ZnO Phosphor Powders. J. Appl. Phys. 1996, 79 
(10), 7983–7990. https://doi.org/10.1063/1.362349. 
(69)  Janotti, A.; Van de Walle, C. G. Oxygen Vacancies in ZnO. Appl. Phys. Lett. 2005, 87 
(12), 122102. https://doi.org/10.1063/1.2053360. 



40 
 

(70)  Wang, D.; Xing, G.; Gao, M.; Yang, L.; Yang, J.; Wu, T. Defects-Mediated Energy 
Transfer in Red-Light-Emitting Eu-Doped ZnO Nanowire Arrays. J. Phys. Chem. C 2011, 115 
(46), 22729–22735. https://doi.org/10.1021/jp204572v. 
(71)  Sadhu, S.; Tachiya, M.; Patra, A. A Stochastic Model for Energy Transfer from CdS 
Quantum Dots/Rods (Donors) to Nile Red Dye (Acceptors). J. Phys. Chem. C 2009, 113 (45), 
19488–19492. https://doi.org/10.1021/jp906160z. 
(72)  van Dijken, A.; Meulenkamp, E. A.; Vanmaekelbergh, D.; Meijerink, A. The Kinetics of 
the Radiative and Nonradiative Processes in Nanocrystalline ZnO Particles upon Photoexcitation. 
J. Phys. Chem. B 2000, 104 (8), 1715–1723. https://doi.org/10.1021/jp993327z. 
(73)  Norberg, N. S.; Gamelin, D. R. Influence of Surface Modification on the Luminescence 
of Colloidal ZnO Nanocrystals. J. Phys. Chem. B 2005, 109 (44), 20810–20816. 
https://doi.org/10.1021/jp0535285. 
(74)  Lustig, D. R.; Nilsson, Z. N.; Mulvey, J. T.; Zang, W.; Pan, X.; Patterson, J. P.; Sambur, 
J. B. Toward Imaging Defect-Mediated Energy Transfer between Single Nanocrystal Donors and 
Single Molecule Acceptors. Chem. Biomed. Imaging 2023, 1 (2), 168–178. 
https://doi.org/10.1021/cbmi.3c00015. 
(75)  Lin, J.; Zhang, H.; Morovati, V.; Dargazany, R. PEGylation on Mixed Monolayer Gold 
Nanoparticles: Effect of Grafting Density, Chain Length, and Surface Curvature. J. Colloid 

Interface Sci. 2017, 504, 325–333. https://doi.org/10.1016/j.jcis.2017.05.046. 
(76)  Xu, Q.; Ensign, L. M.; Boylan, N. J.; Schön, A.; Gong, X.; Yang, J.-C.; Lamb, N. W.; Cai, 
S.; Yu, T.; Freire, E.; Hanes, J. Impact of Surface Polyethylene Glycol (PEG) Density on 
Biodegradable Nanoparticle Transport in Mucus Ex Vivo and Distribution in Vivo. ACS Nano 
2015, 9 (9), 9217–9227. https://doi.org/10.1021/acsnano.5b03876. 
 
 
  
 

 

 

 

 

 

 

 

  



41 
 

CHAPTER 3: TOWARDS IMAGING DEFECT-MEDIATED ENERGY TRANSFER 

BETWEEN SINGLE NANOCRYSTAL DONORS AND SINGLE MOLECULE ACCEPTORS2 

 
 

3.1 Overview 

 
Defect-mediated energy transfer is an energy transfer process between midgap electronic states in 

a semiconductor nanocrystal (NC) and molecular acceptors, such as fluorescent dye molecules. Super-

resolution fluorescence microscopy represents an exciting technique to pinpoint the nanoscale positions of 

lattice defect sites in, for example, a micrometer-sized particle or thin film sample by spatially resolving 

the location of the acceptor dye molecules with nanometer resolution. Toward this goal, our group 

performed ensemble-level, time-resolved fluorescence spectroscopy measurements of ZnO NC/Alexafluor 

555 (A555) mixtures and calculated that the emissive defect sites are located, on average, 0.5 nm from the 

NC surface (Nilsson et al., J. Chem. Phys. 2021, 154 (5), 054704). However, ensemble-level measurements 

cannot spatially resolve the defect sites on single particles, nor can they distinguish between surface 

adsorbed dye molecules that participate in the energy transfer process from those that do not. In this work, 

we compared the photoluminescence (PL) intensity trajectories of 789 isolated, single ZnO NC donors to 

that of 73 non-specifically bound and 5 specifically bound ZnO NC/A555 pairs, where the donor and 

acceptor centroid positions were separated by a distance less than our localization precision (40 nm). We 

observed minor fluorescence intensity fluctuations in the donor and defect channels instead of clear anti-

correlated intensity fluctuations, which could be explained by (1) the presence of multiple emissive defect 

sites per NC; (2) donor-acceptor separation distances slightly larger than the Förster radius (R0
  = 3.1 nm; 

defined as the distance at which energy transfer is 50% efficient); and/or (3) poor dipole-dipole coupling. 

The single molecule imaging methodology we developed, alternating ultraviolet-visible excitation 

 
2 Reproduced with permissions from Lustig, D., Nilsson, N., Mulvey, J., Zang, W., Pan, X., Patterson, J., and Sambur, 
J., Toward Imaging Defect-Mediated Energy Transfer between Single Nanocrystal Donors and Single Molecule 
Acceptors. Chemical & Biomedical Imaging 2023, 1(2): 168-178 Copyright 2023, American Chemical Society.  
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sequence combined with multi-color photon detection, successfully distinguishes specifically bound and 

non-specifically bound NC/dye pairs and can be applied to study a wide range of hybrid NC/dye energy 

transfer systems. 

 
 

Figure 3.1. Chapter 3 overview: cartoon illustration of defect-mediated EnT between ZnO NC donors and A555 
acceptors using single-molecule fluorescence microscopy.   

 
3.2 Introduction 

Semiconductor nanocrystal (NC) donors engage in energy transfer (EnT) with molecular 

acceptors such as organic dyes1–9 and metal coordination complexes.10–16 In this scenario, an 

electronically excited semiconductor nanocrystal “donor” transfers its energy to a molecular 

“acceptor”. When the absorption of the dye acceptor overlaps with the NC bandgap emission, the 

EnT process has been physically modeled using Förster theory where singlet exciton transfer 

occurs via through-space dipole-dipole coupling from the donor dipole located at the NC center to 

a surface adsorbed dye acceptor.17,18  

Aside from band edge electronic states, defect electronic states can participate in the EnT 

process. Time-resolved spectroscopy experiments have revealed that surface defect sites on PbS 

NCs can serve as intermediates in triplet-triplet EnT.14,19 There is also some indication that defect 

states in CdSe NCs also participate in triplet-triplet EnT.20–22 Alternatively, Mulvaney and co-

workers demonstrated a particularly interesting defect-mediated singlet exciton EnT process 

between ZnO NCs and AlexaFluor dyes.23 The same phenomenon was also observed with Ga2O3 
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NCs and ATTO 590 dyes.24 Furthermore, defect-mediated EnT of ZnO nanowire arrays25 and more 

recently, thin films26 with rare earth ions has been observed. In the singlet exciton defect-mediated 

process, the energy exchange process occurs between a trapped exciton, located in an energy level 

inside the forbidden band gap of the semiconductor, and an acceptor molecule positioned at or 

near the NC surface.14,20 The defect-related energy level is commonly referred to as a midgap state, 

a surface defect state, or a surface state in the literature.14,27–29 

Both the band edge and defect-mediated EnT process has been physically modeled using 

Förster resonance energy transfer (FRET) theory23,24,30–37, which is well established for molecular 

donor/acceptor pairs. Our group showed that ensemble-level time-resolved photoluminescence 

(TRPL) spectroscopy can reveal the average separation distance between emissive defects in ZnO 

NCs and surface adsorbed A555 acceptors when the NC radius is larger than the Förster radius 

(R0).38  In that study, we discussed how FRET-based analyses cannot reveal the locations of 

emissive defect sites in semiconductor NCs when R0 is larger than the NC radius even when the 

geometry of the NC is taken into account using a restricted geometry model30 of NC-molecule 

EnT.38 

Unfortunately, ensemble-level measurements are unable to measure the spatial distribution 

of emissive defects for the following reasons. In general, the error in estimating the number of 

adsorbed dye molecules per NC is large because the semiconductor NC concentration in bulk 

solution is not trivial to measure. Moreover, ensemble-level EnT measurements cannot distinguish 

which surface adsorbed acceptor molecules participate in the EnT process. Distinguishing active 

versus inactive acceptor molecules could help to understand the donor dipole orientation factor 

and whether all molecules contribute equally to defect PL quenching, which is an assumption in 

the stochastic binding model of EnT.31 FRET-based models also assume that donor dipoles are 
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located at the NC center (i.e., the point dipole approximation fails),40–44 which has important 

consequences for a related underlying assumption that the dipole orientation factor 𝜅2 = 23. 

Because many underlying assumptions in FRET-based models likely do not hold for NC-molecule 

donor-acceptor pairs, the community is unable to correctly analyze and interpret ensemble-level 

steady-state and TRPL data.  

Single molecule, super-resolution fluorescence microscopy experiments performed at the 

single NC-level could overcome the complications and limitations described above. Single 

molecule EnT experiments have the potential to pinpoint the locations of emissive defect sites in 

thin films, large nanostructures, or microwires, assuming the defect sites are spatially separated by 

a distance larger than the spatial resolution in single-molecule fluorescence microscopy 

experiments (typically 20-40 nm).45 At the same time, distinguish EnT-active from spectator 

molecules by selectively exciting the donor and acceptor species in the NC-dye conjugate, as Banin 

and co-workers showed for single CdSe/CdS nanorod donors in the presence of multiple Atto 590 

acceptors.46 The authors observed step-like changes in both acceptor and donor emission, enabling 

them to calculate the EnT efficiency and donor-acceptor distances. However, the single molecule, 

single NC approach has not been applied to study defect-mediated EnT. Additionally, the super-

optical resolution imaging method has not been applied to dye/NC systems to pinpoint EnT events 

with nanometer spatial resolution. We note that scanning tunneling microscopy and super-optical 

resolution imaging of nanocrystal emission have been used to image energy flow in nanocrystal 

solids,47,48 but they have not been applied to nanocrystal/molecule systems under solution phase 

or photocatalytic conditions. In this work, we develop a single molecule, single NC-level imaging 

methodology to study defect-mediated EnT between semiconductor NCs and molecular dyes. 
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3.3 Experimental Methods  

3.3.1 Nanocrystal Synthesis  

4.5 nm-diameter ZnO NCs were synthesized using a base hydrolysis of zinc acetate 

dihydrate in ethanol following the approach of Wood et al.49 1.0 g Zn(OAc)2·2H2O (Sigma 

Aldrich) was added to 100 mL of 200 proof ethanol (Pharmco-Aaper) in a 250-mL round bottom 

flask. The solution was stirred and heated to 68 °C to dissolve the zinc acetate. Then, 2 mL of a 

20% methanolic solution of tetramethylammonium hydroxide (TMAOH, Sigma Aldrich) was 

added to the flask as quickly as possible. The solution was stirred and the reaction temperature was 

maintained at 68 °C for 500 min. Then, the reaction was quenched by injecting a 10 mL aliquot of 

the reaction mixture into 30 mL of hexanes, causing the NCs to precipitate. The mixture was 

centrifuged to separate the NCs from the unreacted Zn2+ and TMAOH. This washing procedure 

was repeated 5 times with hexanes. The washed NCs were suspended in spectrophotometric grade 

ethanol and stored at –4 °C when not in use. All reagents were used as received and without further 

purification.  

3.3.2 Nanocrystal Characterization 

The absorbance and PL spectra of the ZnO NCs were measured using a HP 8452A Diode 

Array Spectrophotometer and Edinburgh Instruments FS5, respectively. All spectra were 

measured at room temperature in spectrophotometric grade ethanol in 1 cm quartz cuvettes. TEM 

samples were prepared by drop casting the NCs from a hexane solution onto a lacey carbon grid. 

The average and standard deviation values for the NC diameter were determined from transmission 

electron microscopy (TEM, JEOL JEM-2100F, 200 keV) of at least 50 NCs. The molarity of the 

ZnO NC samples were calculated from TEM and elemental analysis following the approach of Yu 

et al.,50 and described in detail in our previous work.38 The scanning transmission electron 
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microscopy (STEM) characterization was performed on a JEOL Grand ARM 300CF microscope 

equipped with a cold field emission gun (FEG) and double spherical aberration correctors operated 

at 300 kV. All the high-angle annular dark-field-scanning transmission electron microscopy 

(HAADF-STEM) images were recorded with a probe current of 23 pA, using a convergence semi-

angle of 21 mrad and inner- and outer- collection angles of 79 and 180 mrad, respectively. 

3.3.3 Single Molecule Fluorescence Microscopy 

Details regarding sample preparation, the experimental setup, and image analysis 

procedures can be found in the Appendix B. Briefly, quartz slides (Delta Technologies, QS-0310) 

were immersed in Piranha solution for at least 12 hours. The quartz slides were rinsed with 10 MΩ 

water and stored in spectrophotometric grade ethanol. Approximately 20 𝜇L of the ethanolic ZnO 

NC solution was spin coated on a clean quartz slide rotating at 1000 RPM. ZnO NC-dye samples 

were prepared by drop-casting 40 𝜇L of 0.1 nM dye solution on the quartz slide. The dye droplet 

remained on the slide for 1 min before   removing the liquid with a nitrogen gas stream. A drop of 

Immersol W 2010 immersion oil (Zeiss) was placed between the NC-dye-coated quartz slide and 

a #1 glass coverslip (19904). The Immersol oil was chosen because (1) the NCs and A555 

molecules are not soluble in this media and, therefore, the fluid prevents the NCs and molecules 

from detaching from the quartz slide; (2) the ZnO NC emission decays in air; (3) the ZnO NCs 

and molecules detach from the slide if the experiments were performed in the same ethanol solvent 

used for ensemble-level testing; (4) the Immersol fluid is index-matched to our 60× water 

immersion objective (NA = 1.2, Olympus, UPLANSAPO60×/W). 

 The NC-dye-coated quartz slide sample was placed on the stage of an Olympus IX73 

inverted microscope equipped with a prism-type total internal reflection fluorescence (TIRF) 

microscopy setup. Two excitation lasers illuminated the sample: a 355 nm laser (Coherent Genesis 



47 
 

CX) selectively excited the ZnO NCs while a 532 nm laser (Coherent Obis) selectively excited the 

A555 molecules. A programmable Thorlabs shutter allowed us to excite with either one or with 

both lasers at the same time. Photons emitted from the sample were collected through the objective, 

passed through a long pass filter (cutoff wavelength: 440 nm) in the filter cube of the Olympus 

microscope, and then directed to an image splitter (Hamamatsu            Gemini W-view), which uses a 

dichroic mirror (cutoff wavelength: 550 nm) to split the photon stream into two channels defined 

by the band pass filters used for each channel. One bandpass filter was chosen to match the 

emission signal from the A555 molecules (585/40 bandpass). This channel represents the “dye 

channel”. The second bandpass filter was chosen to match the defect emission from ZnO only 

(490/60 bandpass), forming the “defect channel”. The two channels were projected onto an 

EMCCD camera (Andor iXon 897) operated to produce a single image, split vertically. Figure B1 

shows a representative example of the split image before subsequent image processing. 

Fluorescence images were continuously acquired at a 25 ms frame rate while the excitation lasers 

were alternated in an on/off fashion, as described in more detail below. The intensity trajectories 

of single ZnO NCs and dye molecules from the image stacks, or movies, were extracted using the 

detailed image analysis algorithm described in the Appendix B (see Figure B2-B5).  

3.4 Results 

3.4.1 Ensemble-level Defect-mediated EnT Between ZnO NCs and A555 

We synthesized 4.5  0.67 nm-diameter (N = 50 NCs) ZnO NCs (Figure 3.2a) and 

demonstrated these NCs participate in defect-mediated EnT with A555 molecules using ensemble-

level fluorescence spectroscopy. Figure 3.2b shows the absorption and emission properties of the 

ZnO NC donors and A555 acceptors. Upon exciting the ZnO NC bandgap with UV light, a broad 

defect emission peak appears at 600 nm that has been attributed to oxygen vacancies.51-51 This 



 48 

ZnO defect emission peak overlaps completely with the absorption spectrum of A555 acceptors. 

Upon mixing 70 nM ZnO NCs with 32 nM A555 and exciting the band gap of the ZnO NCs with 

355 nm light, the defect PL peak is quenched and the donor fluorescence increases by a factor of 

6 beyond the intensity observed in the absence of the donor (Figure 3.2c, top blue trace versus grey 

trace). Hence, ensemble-level measurements show clear defect-mediated EnT behavior when the 

ZnO NCs donors and A555 acceptors freely diffuse in ethanol. We recognize that the dye emission 

overlaps strongly with the broad defect PL, which presents experimental complications such as 

unambiguously distinguishing photons emitted from A555 acceptors from NC donors. However, 

the rationale for choosing the A555 acceptor is that this molecule does not absorb the 355 nm 

excitation laser light source used to excite the ZnO NC donors. AlexaFluor dyes with red-shifted 

emission profiles such as A595 strongly absorb the UV excitation light. 

 
Figure 3.2. a) TEM image of ZnO NCs. The average diameters = 4.5  0.67 nm from N = 50 NCs. b) Normalized 
absorption and emission spectra for ZnO NCs (black dashed line and black solid line, respectively) and normalized 
absorption and emission of A555 dye (red solid and red dashed lines, respectively). The blue shaded region represents 
the bandpass filter (490/60 nm) for the “defect channel” in single molecule imaging experiments. The green shaded 
region refers to the 585/40 nm bandpass filter for the “dye channel”. c) Steady-state emission spectra of ZnO alone 
(light pink spectra) and mixtures of ZnO donors with increasing A555 acceptor concentration (0-32 nM) where the 
teal is the highest concentration of acceptor. The gray spectrum shows 32 nM A555 dye alone. 

3.4.2 Single Molecule, Single NC-level Imaging Methodology 

Having demonstrated that these ZnO NC donors participate in EnT with freely diffusing 

A555 acceptors in solution, we deposited the NC donors and A555 acceptors on a quartz substrate 

and studied their emission behaviors using single molecule fluorescence microscopy. In a typical 
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experiment, ZnO NCs and A555 solutions were sequentially spin coated onto a clean quartz slide 

and mounted on the stage of an inverted optical microscope equipped with a prism-type TIRF 

setup as shown in Figure 3.3a. Two laser sources excite the sample: a 355 nm laser selectively 

excited the ZnO bandgap while a 532 nm laser selectively excited A555 molecules. A high 

numerical aperture 60×/NA 1.2 objective collects the photons emitted from the sample. Image 

splitting optics provide dual wavelength images for simultaneous monitoring of the “defect” and 

“dye” channels, as defined by the band pass filters shown in Figure 3.2b.  

 

Figure 3.3. a) Single molecule fluorescence microscopy of defect-mediated EnT. A 6 mW 355 nm laser excites ZnO 
NC donors and a 6 mW 532 nm laser excites A555 acceptors immobilized on a quartz slide. The photons emitted from 
the sample were sent through an image splitter to produce “dye” and “defect” channels on the EM-CCD camera, 
defined by the filter sets in Figure 3.2b. b) Excitation sequence for the 355 and 532 nm lasers. See main text for 
rationale. The EM-CCD camera continuously operated at 40 Hz frame rate. c) Representative images and schematic 
illustrations of the possible entities being imaged (I-IV) using the alternating excitation laser sequence and two channel 
detection scheme.  

Figure 3.3b shows the pulse sequence for both laser sources. Each laser illuminates the 

sample for 1 s with a 0.5 s dark time between each pulse. This alternating excitation sequence 

starts with the 532 nm laser pulse to first image all A555 molecules in the field of view. Then, the 

first 355 nm laser pulse excites all ZnO NCs and should presumably induce defect mediated EnT 

for some NC-dye pairs if an A555 molecule is located near the defect site, specifically a distance 

less than R0 = 3.1 nm according to our previous work.38 The rationale for alternating the excitation 

sequence is to track the dye emission as a function of increasing UV exposure time, which could 

cause unwanted photo-bleaching or photocatalytic oxidation of the dye via hole transfer from the 
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NC to the dye. Hence, this excitation/detection scheme allows us to independently excite and 

detect photons emitted from ZnO NCs and A555 molecules. The widefield imaging approach 

enables us to simultaneously monitor hundreds of individual NCs and molecules, providing many 

isolated NCs and dye molecules that serve as valuable internal control data to potentially 

distinguish from the much smaller number of NC-dye pairs (defined in greater detail below). The 

EM-CCD camera was continuously operated at 25 ms exposure time (i.e., 40 Hz frame rate). 

Figure 3.3c shows representative widefield fluorescence images for each excitation laser sequence 

and each detection channel. Dark shaded rectangles denote the wavelengths covered by the 

bandpass filters in the image splitter as shown in Figure 3.2b. Upon exciting the sample with the 

532 nm laser, no signal appears in the ZnO defect channel (Figure 3.3c-I) because the 2.33 eV 

excitation photons do not have sufficient energy to excite the ZnO bandgap (3.4 eV). However, 

many individual fluorescent spots appear in the dye channel (Figure 3.3c-II). The fluorescent spots 

in the dye channel could represent non-specifically bound molecules adsorbed on the quartz slide 

as well as specifically bound dye molecules adsorbed on NCs, as schematically shown in Figure 

3.3c -II. 

Upon exciting the same sample region with the 355 nm laser (bottom row in Figure 3.3c), 

bright spots appear in both the dye and defect channels. The emission intensity in the defect 

channel (Figure 3.3c-III) can only represent ZnO NCs. To distinguish single NCs from NC clusters 

(Figure B6), we analyzed the intensities of all bright spots in the defect channel under 355 nm 

excitation and defined the large population or low intensity objects as single NCs (Scheme B1, 

Figure B7). On the other hand, the intensity of bright spots in the dye channel could stem from 

photo-excited ZnO NCs alone or NC-dye pairs (Figure 3.3c-IV) because the dye emission and 

ZnO defect PL signals overlap, as shown in Figure 3.2b-c. One strategy to distinguish ZnO NCs 
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alone from the ZnO/dye pair is to co-localize dye molecules observed in the dye channel under 

532 nm excitation (red boxes in Figure 3.3c-II) with single ZnO NCs observed in the defect 

channel under 355 nm excitation (red boxes in Figure 3.3c-III). 

3.4.3 Super-resolution Imaging Analysis of ZnO/NC Pairs 

We developed the following algorithm to identify single dye molecules “specifically 

bound” to single ZnO NCs. We define “specifically bound” NC/dye pairs as those entities whose 

individual donor and acceptor centroid positions are separated by a distance less than our 

localization precision (40 nm).55 To do so, we first classified the bright spots in Figure 3.3c-III as 

single ZnO NCs using an intensity thresholding procedure shown in Figure B7. Next, we 

segmented all single ZnO NCs into two populations: (1) 789 isolated ZnO NCs; and (2) 78 ZnO 

NCs with A555 molecules located within the same diffraction-limited region of interest (ROI) in 

the image (i.e., a dye molecule and a single NC appears in the red boxes of Figure 3.3c). Figure 

B8 describes the procedure for identifying an A555 dye in the same ROI as an NC. Super-

resolution imaging analysis56 of the A555 dye acceptor under the first 532 nm excitation pulse and 

the ZnO NC donor under the first 355 nm excitation pulse revealed two different populations: non-

specifically bound and specifically bound NC/dye pairs. Figure B9 depicts the localization 

procedure used in this study. 

Figure 3.4a shows a representative example of the non-specifically bound population 

(73/78 pairs), where the individual centroid positions in every frame for 355 nm and 532 nm laser 

illumination are shown as blue and green crosses, respectively. The black data points represent the 

average coordinates of the individual centroid locations, and the large circles represent the error in 

the individual fits (2 standard deviations). The majority of candidate NC-dye pairs are located in 

the same diffraction-limited ROI, but are separated by a distance larger than our spatial resolution 
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(Figure 3.4a). The second, smaller population (5/78) can be defined as a NC/dye pair separated by 

a distance smaller than our spatial resolution (Figure 3.4b). Next, we analyzed the fluorescence 

intensity trajectories of the specifically bound 5 NC/dye pairs and compared the results to the large 

population of isolated ZnO NCs and non-specifically bound ZnO/dye pairs; both serve as internal 

control data because the donor-acceptor distances are much larger than R0 = 3.1 nm. 

 

Figure 3.4. Super-resolution analysis of ZnO NC/A555 dye pairs separated by a distance (a) larger and (b) smaller 
than our spatial resolution. The green and blue lines represent the coordinates and localization precision of A555 dyes 
and ZnO NCs for the first 1 s of 532 nm and 355 nm laser illumination, respectively. The black “x” points represent 
the average coordinates of all individual fits. The circles represent the error of the individual fits (2 standard 
deviations). The ZnO centroid positions were determined from defect channel images under 355 nm excitation. The 
dye molecule positions were determined from dye channel images under 532 nm excitation. 

3.4.4 Single molecule, Single NC-level Trajectory Analysis 

Figure 3.5 shows representative fluorescence intensity trajectories for isolated ZnO NCs, 

non-specifically bound NC/dye pair, and a specifically bound NC/dye pair. Figure 3.5a,e,i show 

representative fluorescence images from the dye channel during 532 nm excitation. The bright 

spots represent A555 molecules. Figure 3.5b,f,j show the fluorescence intensity trajectory of the 

ROIs in Figure 3.5a,e,i (see green squares), where the black trajectory represents the intensity in 

the dye channel and the blue data points represent the intensity in the defect channel. Figure 

3.5c,g,k show fluorescence images from the defect channel under 355 nm laser excitation. The 

bright spots represent ZnO NCs. Figure 3.5d,h,l show the trajectories in the dye and defect 
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channels from the ZnO NC ROIs in Figure 3.5c,g,k. The red trajectories in represent dye/defect 

channel intensity ratio, which will be discussed further in the next section.  
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Figure 3.5. Trajectory analysis of (a-d) isolated ZnO NC, (e-h) non-specifically bound NC/dye pair, and (i-l) 
specifically bound NC/dye pair. (a) Fluorescence image from the dye channel under 532 nm excitation. (b) Intensity 
trajectory from the ROI in panel a (green squares) in the dye (black trajectory) and defect (blue trajectory) channels. 
The pink shaded region highlights the time where the dye molecule is “bright” under 532 nm excitation. (c) 
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Fluorescence image from the defect channel under 355 nm excitation. (d) same as b, but for 355 nm excitation. The 
red points show the dye/defect channel intensity ratio R (right axis). (e-h) and (i-l) same as (a-d), but for non-
specifically bound NC/dye and specifically bound NC/dye pair, respectively. 

Figure 3.5a-d shows an example of an isolated NC. The fluorescence image in Figure 3.5a 

shows no emissive objects inside the ROI of the dye channel during 532 nm excitation, but a clear 

bright spot appears in the same diffraction-limited volume in the defect channel under 355 nm 

excitation (Figure 3.5c). The fluorescence intensity trajectory in Figure 3.5b gradually decreases 

over time likely because the high intensity laser excites emissive impurities in the solvent or 

substrate. The weak signal decays in about 60 s, likely due to photobleaching of those impurities. 

The trajectories under 355 nm excitation show a slow intensity increase for the first 35 s (Figure 

3.5d). One explanation for the slow rise can be attributed to chemisorbed oxygen, which can 

initially quench the defect emission, which was experimentally observed through ensemble-level 

results by van Dijken et al.57 

Figure 3.5e-h shows a representative example of a non-specifically bound NC/dye pair. A 

molecule appears in the same diffraction-limited volume as the NC (Figure 3.5e) and the 

fluorescence intensity in the dye channel during 532 nm excitation (Figure 3.5f, black trajectory) 

shows clear single step photobleaching behavior that is characteristic of a single molecule (pink 

shaded region); note the low intensity in the defect channel (Figure 3.5f, blue trajectory) because 

the A555 emission does not contribute intensity to the defect channel. Figure 3.5g shows a 

representative image of the single ZnO NC present in the same diffraction-limited location as the 

dye molecule in Figure 3.5e. Both the defect and dye channel trajectories under 355 nm 

illumination show a slow intensity increase over the first 35 seconds of the movie (Figure 3.5h), 

similar to the isolated NC in Figure 3.5d.  

Figure 3.5i-l shows a representative example of a specifically bound NC/dye pair. In this 

case, two dye molecules appear in Figure 3.5i, evidence by two distinct photobleaching events in 
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Figure 3.5j (shaded pink regions). We would have expected to observe simultaneous intensity 

bursts in the dye channel and intensity decreases in the defect channel under 355 nm excitation if 

EnT occurred. However, Figure 3.5l depicts only minor periods of anti-correlated intensity 

fluctuation behavior during the first 80 seconds of the movie. The intensity fluctuations, quantified 

in more detail below, do not appear in control data (Figure 3.5a-h). Unexpectedly, the fluctuations 

in Figure 3.5l extend beyond the photobleaching period of the second dye (second pink shaded 

region in Figure 3.5j). One possible cause of the intensity fluctuations is an adsorbed “dark” dye 

molecule remains on the NC surface and provides a non-emissive pathway for photogenerated 

carriers in the NC, resulting in a lower defect emission from the NC. Figure B10 depicts 

photobleaching times for A555 dye acceptors, showing that “bright” dye molecules can exist for 

at least 60 seconds under these illumination conditions. Additionally, adsorbed molecular species 

such as O2 and ligands are known to quench NC emission.57  

Regardless of the exact origin of the fluctuations, we performed further quantitative 

analysis to identify an EnT signature in these specifically bound NC/dye pairs that do not show 

clear anti-correlated FRET behavior. To do so, we calculated the dye/defect channel intensity ratio 

(R = Idye/Idefect) for trajectories under 355 nm excitation. We would expect large R values to indicate 

EnT occurs because the process should experimentally manifest as an increase in the dye channel 

intensity and a simultaneous decrease in the defect channel intensity (see ensemble-level results in 

Figure 3.2c). The R values remain constant in control experiments (Figure 3.5d,h). However, 

distinct R intensity fluctuations appear in the specifically bound case (Figure 3.5l). 

3.4.5 Single molecule, single NC-level Channel Ratio Analysis 

Next, we quantitatively compared the intensity trajectories of isolated NCs to specifically 

bound NC-dye pairs. Our hypothesis is that EnT is most likely to manifest as intensity fluctuations 
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in the beginning of the trajectory. To test this hypothesis, we calculated a single R value for each 

NC, R̅, by dividing the average R of the first 30 frames by the average R of the last 30 frames. If 

EnT occurs in the specifically bound NC/dye pairs, we would expect to observe larger R̅ values in 

the specifically bound cases because the dye channel intensity should increase more and the defect 

channel intensity should decrease more during the beginning of the experiment than at the end of 

the experiment. 

Figure 3.6 shows the distribution of R̅ values for 789 isolated NCs versus the average of 5 

specifically bound NC/dye pairs. The average R̅ value of the isolated NCs is 0.92. We would have 

expected this value to equal 1.0 if the defect emission of the ZnO NCs was stable with illumination 

time. However, we observe that the low energy portion of the broad defect PL peak (dye channel) 

increases in some NCs (large R̅ values in the distribution) and decreases in others (low R̅ values). 

This phenomenon could be due to an evolution of optically active emissive defects in ZnO (e.g., 

zinc interstitials versus oxygen vacancies) under these illumination conditions, as observed 

previously.58–72 Despite the complex defect emission photophysics of these ZnO NCs66,73–75, we 

consistently observe larger R̅ values for the specifically bound pairs than for the isolated ensemble 

average (Figure 3.6 inset). In some cases, we observe negative 𝑅̅ values because the background 

ROI intensity can exceed the NC ROI intensity during the first frame. The calculated p-value for 

the data in Figure 3.6 is 0.65. One explanation for the large p-value is the significantly different 

sample size (789 vs 5). Amassing experimental data from a larger population of specifically-bound 

NC-dye pairs could provide further evidence that the photophysics of ZnO NCs alone differ from 

specifically-bound NC-dye pairs. In summary, Figure 3.6 shows a quantitative difference between 

isolated NCs and specifically bound NC/dye pairs that is consistent with the ensemble-level results 

in Figure 3.2c (i.e., dye channel enhancement and defect channel quenching). The Discussion 
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Section focuses on possible reasons why we did not observe clear anti-correlated FRET behavior 

under these experimental conditions. 

 
Figure 3.6. Distribution of 𝑅̅ values for 789 isolated NCs (blue) versus the average value of 5 specifically bound 
ZnO/dye pairs (vertical red line). 𝑅̅ values represent 𝑡ℎ𝑒 average R = Idye/Idefect under 355 nm excitation of the first 30 
frames divided by the average R of the last 30 frames. The inset shows the individual values of the 4 pairs whose 𝑅̅>1. 
The blue vertical line is the average value of the isolated NCs.  

3.5 Discussion 

Here we ask the critical question: “Why do the trajectories of specifically bound NC/dye 

pairs not show clear anti-correlated FRET intensity fluctuations even though ensemble-level 

studies show clear FRET behavior?” One possibility is that the separation distance of the NC/dye 

pairs in these “specifically bound” pairs is larger than R0 (3.1 nm). Our lab is pursuing the synthesis 

of ZnO/dye conjugates, where a silane layer encapsulated dye molecules around the NC core, 

based on a previously published synthesis.33 Chemically linking the NC and dye is likely necessary 

to study a statistically meaningful population of specifically-bound pairs because our Monte Carlo 

simulations (Figure B11) suggest that random co-localization of the NCs and dyes only produces 

at least 1 non-specifically bound NC-dye pair in 50% of deposition experiments. These physically 

attached NC/dye constructs will allow us to rule out the possibility that the minor intensity 

fluctuations in Figure 3.5l are not a consequence of the spin coating method producing 

“specifically bound” pairs with a slightly larger separation distance than R0. 
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Another possibility is the defect transition dipole moment of the NC donor does not overlap 

with the dye acceptor.76–80 The ensemble-level measurements permit freely diffusing dye 

molecules to approach and/or temporarily adsorb to all surfaces of the ZnO NCs. This random 

attachment likely allows for effective dipole-dipole coupling between NC donors and dye 

acceptors.2 On the other hand, both the orientation factor and separation distance of the donor and 

acceptor are “locked” in the single molecule imaging experiments. It is possible that the dipole 

moment of the defect donor site does not overlap with the single surface-adsorbed molecule. It is 

also possible that the dye molecule binds to the opposite side of the 4.5 nm-diameter NC where 

the defect site is located, causing the donor-acceptor distance to exceed R0 = 3.1 nm. Synthesizing 

and imaging the silane encapsulated dye/NC conjugates mentioned above with polarization-

dependent illumination conditions should allow us to quantify a larger number of NC/dye 

orientations with minimal separation distance. 

Another explanation for the lack of defect emission quenching is multiple defect sites 

contribute to the emission signal. In this scenario, multiple emitters dominate the emission signal 

and the single defect site participating in EnT cannot be observed. High resolution TEM imaging 

of our NC sample (Figure 3.7) revealed defective voids that could be associated with multiple 

lattice defect sites.68,69,81–86  

 
Figure 3.7. TEM images of ZnO NCs with various defective regions highlighted by the black arrows. Note: a) and b) 
shows the same NCs at different magnifications. c) A single ZnO NC showing multiple defective regions.  
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Additionally, we performed a focal series of cross-sectional STEM images to understand 

the distribution of porous defects in three dimensions. Figure 3.8 shows the images selected from 

the STEM focal series, which revealed that porous defects exist within the NC core and at the 

surface. Multiple nanometer-scale voids of various shapes appear in a single particle as the focus 

position changes. The theoretical description of the donor dipole moment and its orientation 

relative to the acceptor dipole remains unclear for these large crystallographic defects. We also 

calculated the number of defects per NC based on literature values of O and Zn vacancy 

concentrations (Table B1). We concluded that there are, on average, 0.5 defects per NC, in addition 

to the large defective voids in Figure 3.7. In summary, these NCs likely have more than 1 defect 

site per NC and, therefore, a single dye molecule may not fully quench the defect emission from 

the sample.  

 
Figure 3.8. STEM images of a single nanocrystal acquired with different defocus values. (a) Cartoon illustration of 
the imaging scheme, where STEM images are acquired as a function of z focus position. (b-d) STEM images of the 
(b) top surface, (c) core, and (d) bottom surface of the NC. Yellow dashed lines show different shapes of multiple 
defective regions. 

3.6 Conclusion 

We studied defect-mediated EnT between ZnO NC donors and A555 dye acceptors using 

ensemble-level fluorescence spectroscopy and single molecule-level fluorescence microscopy. 

The ensemble-level experiments show clear FRET behavior, where the dye acceptor emission 

enhances and the NC donor emission quenches. Spin coating the dye on NC-coated quartz slide 

samples produced 73 NC/dye pairs in the same diffraction-limited space and 5 specifically bound 
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NC/dye pairs. We observed minor fluorescence intensity fluctuations in the trajectories of 

specifically bound pairs that did not appear in the trajectories of isolated NCs. Large separation 

distances and poor dipole-dipole coupling could explain why clear anti-correlated donor/acceptor 

intensity fluctuations do not appear in the intensity trajectories under these experimental 

conditions. 
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CHAPTER 4: SINGLE-MOLECULE FLUORESCENCE MICROSCOPY REVEALS ENERGY 

TRANSFER ACTIVE VERSUS INACTIVE NANOCRYSTAL/DYE CONJUGATE PAIRS3

 
 
 
4.1 Overview 

Defect-mediated energy transfer is a radiative process that occurs between donor defect 

states in the forbidden bandgap of semiconductor nanocrystals (NCs) and dye molecules bound to 

their surfaces. The energy transfer efficiency depends on the number of dye molecules attached to 

each NC, the donor-acceptor distance, and the dipole orientation factor between the donor and 

acceptor, all of which vary across all individual NCs in a sample. While ensemble-level 

fluorescence spectroscopy measurements have provided average values for donor-acceptor 

distances, dye-to-NC ratios, and energy transfer rate constants, questions remain about the impact 

of donor/acceptor heterogeneity on observed energy transfer efficiencies. Notably, ensemble-level 

measurements cannot distinguish between bare NCs and energy transfer-active versus inactive 

NC/dye pairs in the same sample batch, limiting the ability to design systems with 100% energy 

transfer efficiency. To address this, we studied defect-mediated energy transfer between 

AlexaFluor 555 dye acceptors chemically bound to ZnO NC donors at the level of single molecules 

and single NCs. Interestingly, 20% of bound dye/NC pairs are energy transfer-inactive, likely 

contributing to residual defect photoluminescence (PL) observed in ensemble-level measurements 

and reducing overall energy transfer efficiency. Single particle-level ZnO defect PL and acceptor 

 
3Reproduced with permissions from Lustig, D., Buz, E., Mulvey, J., Prasad, P., Bird, O., Dukovic, G., Kittilstved, K., 
Patterson, J., and Sambur, J., Single-Molecule Fluorescence Microscopy Reveals Energy Transfer Active versus 
Inactive Nanocrystal/Dye Conjugate Pairs. Chemical & Biomedical Imaging 2025, Copyright 2025, American 
Chemical Society. 
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fluorescence trajectories exhibited distinct micro-fluctuations, which are absent in bare ZnO NCs. 

We hypothesized that our observations can be explained with a competitive dye fluorescence 

quenching pathway, possibly due to charge transfer between the excited state dye and the ZnO 

NC. Numerical simulations of single-molecule PL traces for this scenario produced micro-

fluctuations consistent with the experimental results. These findings highlight the impact of sample 

heterogeneity on energy transfer processes and provide insights for designing light-harvesting 

systems with optimized energy transfer efficiency. 

 

Figure 4.1. Chapter 4 overview: cartoon illustration of defect-mediated EnT between ZnO NC donors and A555 
acceptors in a nanocrystal/dye conjugate pair.   

 
4.2 Introduction 

Semiconductor NCs can act as energy donors in energy transfer (EnT) processes with 

molecular acceptors, including organic dyes1–12 and metal coordination complexes.13–16 In these 

systems, the electronically excited NC “donor” transfers energy to a molecular “acceptor.” In the 

defect-mediated EnT process, the donor states are electronic energy levels in the forbidden 

semiconductor band gap. This process occurs when the absorption spectrum of the dye acceptor 

overlaps with the NC’s defect emission.17 Defect-mediated EnT processes are actively being 

explored in a broad range of photonics and photocatalytic applications.18–23 One exciting photonics 

application is to leverage the defect-mediated EnT process to control the resulting light emission 

energy, propagation direction, and polarization. Controlling size-dependent optical properties in 
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NC/dye hybrids enables tunable color emission, ultimately resulting in white light with targeted 

chromaticity and high color rendition.24,25  

The fundamental photophysical defect-mediated EnT process has been widely studied in 

hybrid systems where molecular fluorophores are either randomly mixed with NCs in solution or 

chemically conjugated to their surfaces.17,21,24–30 However, the defect-mediated process is 

inherently heterogeneous at the nanoscale, as defects vary from one NC to another, and the binding 

geometry between these defects and acceptor molecules differs across NCs. This variability within 

the sample influences the EnT rate for each NC/dye pair, as the rate depends on both the donor-

acceptor distance and the orientation factor between the donor and acceptor.31 This variability 

leads to diverse EnT pathways that conventional Förster resonance energy transfer (FRET) models 

cannot fully capture.26 Ensemble-level measurements can accurately determine the average 

number of dye molecules adsorbed per NC in a bulk solution.26,29 However, for systems with EnT 

efficiency <100%, which is typical of most systems as no FRET process is 100% efficient32, 

ensemble-level measurements cannot distinguish active versus inactive NC/dye pairs in the 

sample. EnT from a single semiconductor NC to dye molecules has the potential to achieve 

efficiencies of >90%, with Hua et al. reporting an EnT efficiency of 94.5%.9 Thus, identifying 

active versus inactive NC/dye conjugates within a sample batch could provide valuable insights 

for designing highly efficient EnT systems.     

This study aims to measure the extent of heterogeneity in EnT behavior among different 

ZnO NC donors and AlexaFluor A555 (A555) dye acceptors within a heterogeneous sample batch 

and investigate the role of defect states in NCs and their impact on dye emission and quenching 

processes. We selected ZnO NCs for this study due to their broad defect PL spectrum and prior 

evidence from ensemble-level steady-state and time-resolved PL spectroscopy demonstrating their 
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participation in defect-mediated EnT with A555 dyes17,26,27,29 and Eu3+ ions.22 These findings 

emphasize the critical role of oxygen vacancy defects in the EnT process.22 The open questions 

that we aim to address in this study are How many bare NCs exist in a sample batch of chemically 

conjugated NC/dye pairs? and How many bound NC/dye pairs are EnT-inactive? Here, we 

quantify defect-mediated EnT active versus inactive NC/dye pairs in a heterogeneous conjugate 

sample using single molecule, single NC-level fluorescence microscopy. We synthesized (3-

Aminopropyl)trimethoxysilane (APTMS)-capped ZnO NCs and chemically linked A555 dyes to 

the NC surfaces (referred as A555/APTMS/ZnO conjugates). By systematically comparing single-

molecule widefield PL trajectories of the conjugates to isolated APTMS-capped ZnO NCs, we 

observe distinct micro-fluctuations in the conjugate samples that do not appear in the isolated 

APTMS-capped ZnO NCs. We find that 5 out of 25 nanoconjugates with a bound dye are EnT-

inactive (20%), perhaps due to the orientation mismatch between the donor and acceptor dipole 

moments. These results emphasize the importance of characterizing sub-populations to address 

sample heterogeneity, offering valuable insights for enhancing EnT processes and designing 

nanomaterial-based photonic systems with optimized light-harvesting efficiency. 

4.3 Methods 

4.3.1 Materials 

The following chemicals were purchased and used as received: zinc acetate dihydrate 

(Ricca Chemical), dimethylsulfoxide (DMSO, 99.9%, Thermo Fisher), tetramethylammonium 

hydroxide pentahydrate (98%, Acros Organics), 3-aminopropyltriethoxysilane (APTMS, Gelest), 

and hydrogen peroxide (30% in water, Thermo Fisher). The fluorescent dye, AlexaFluor 555 NHS 

ester (Succinimidyl Ester, Thermo Fisher, catalog number A20009), was received as a powder, 

dissolved in high-quality anhydrous dimethylformamide (DMF, Sigma-Aldrich), and diluted to a 
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final concentration of 0.01 mg/mL before the chemical conjugation (Thermo Fisher, catalog 

number A20009). 

4.3.2 Synthesis of APTMS Capped ZnO Nanocrystals 

ZnO NCs were synthesized at room temperature following a modified procedure 

previously reported.32,33 Briefly, zinc acetate dihydrate (1 mmol) was dissolved in 10 mL of 

DMSO. Separately, 3 mL of a 0.5 M ethanolic solution of tetramethylammonium hydroxide 

pentahydrate (1.5 mmol) was added dropwise to the Zn2+ solution under constant stirring at room 

temperature to initiate ZnO nucleation and growth. Particle growth was monitored by collecting 

aliquots and analyzing the electronic absorption spectra of the first excitonic transition according 

to Meulenkamp.34 To accelerate particle growth, the reaction flask was transferred to a pre-heated 

sand bath at 60 °C. The reaction was terminated once the desired position of the first excitonic 

peak of ZnO NCs was achieved (355 nm). To remove excess precursors, 1% hydrogen peroxide 

(30% in water) was added, and the reaction mixture was sonicated for 10 minutes. The resulting 

nanoparticles were mixed with oleylamine in a ligand-exchange reaction step. The oleylamine-

capped ZnO NCs (10 mg/mL) were suspended in 10 mL of ethanol and transferred to a clean flask. 

The flask was placed in a sand bath at 60 °C, and 30 µL of APTMS was added immediately to the 

suspension. The mixture was stirred vigorously for 2 hours before being cooled to room 

temperature. The silane-functionalized NCs were collected by centrifugation, washed twice with 

toluene, and resuspended in water. The aqueous suspension of APTMS-capped ZnO NCs was 

stored at 4 °C. 

4.3.3 Dye Chemical Conjugation 

APTMS-capped ZnO NCs were suspended in water at a concentration of 12.5 mg/mL, and 

the pH was adjusted to 6.00-6.50 using acetic acid to optimize dye conjugation efficiency. To 
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enhance colloidal stability, a small amount of DMSO (<10%) was added to the suspension. A555 

dye was dissolved in high-quality DMF and diluted to a final concentration of 0.01 mg/mL. For 

the conjugation reaction, 10 µL and 50 µL of the A555 dye solution were mixed with 200 µL of 

the 12 mg/mL APTMS-coated ZnO NC suspension. The reaction was stirred vigorously at room 

temperature for 3 hours in the dark. The resulting conjugates were in a water/DMF mixture. 

4.3.4 Nanocrystal Characterization 

ATR-FTIR (attenuated total reflectance-Fourier transform infrared) spectroscopic studies 

were carried out using a Nicolet-iS50 FTIR spectrometer equipped with a diamond ATR 

attachment (ThermoFisher). X-ray photoelectron spectroscopy (XPS) data was collected on a 

Physical Electronics, Inc. 5800 Multi-Technique X-ray Photoelectron Spectrometer. The pass 

energies used were 187.8 eV and 23.50 eV for the survey and high-resolution spectra, respectively. 

The survey spectra are unshifted. The high-resolution spectra were shifted, moving the C-C 

binding environment of the C 1s peak to 284.8 eV. APTMS-capped ZnO NCs and 

A555/APTMS/ZnO conjugates were prepared for high-resolution transmission electron 

microscopy (TEM) analysis by drop casting the NCs from a solution of water/DMF onto a lacey 

carbon TEM grid (Electron Microscopy Sciences) and allowing for complete solvent evaporation 

at room temperature. TEM images were obtained on a JEOL-JEM-2100F TEM instrument using 

a Schottky-type field emission gun operating at 200 keV and collected using a Gatan OneView 

camera. The average and standard deviation values for the NC diameter were determined via TEM 

(Figure C1). Additional higher magnification TEM images of APTMS-capped ZnO NCs are 

shown in Figure C2. Elemental mapping was performed using scanning tunneling electron 

microscopy energy dispersive X-ray spectroscopy (STEM-EDS) on a JEOL JEM-2800 electron 

microscope operating at 200kV as shown in Figure C3. The absorbance and emission properties 

https://www.sciencedirect.com/topics/chemistry/fourier-transform


 74 

of the APTMS-capped ZnO NCs and the A555/APTMS/ZnO conjugates were characterized by 

UV-Vis absorption spectroscopy and steady-state PL spectroscopy (Varian Cary 50 Bio and 

Varian Cary Eclipse, respectively).  

4.3.5 Single Molecule Fluorescence Microscopy 

Comprehensive details on sample preparation, the single molecule total internal reflection 

fluorescence (TIRF) experimental setup, and image analysis procedures are available in our 

previous work.27 Briefly, APTMS-capped ZnO NC controls or A555/APTMS/ZnO conjugates 

were diluted with water, sonicated for one hour, and subsequently drop cast onto a quartz slide. 

For imaging, a drop of Immersol oil (W 2010 Zeiss) was placed between the quartz slide and a #1 

glass coverslip (19904). The Immersol oil features an identical refractive index to water (1.33) and 

does not evaporate during the timescale of the experiment. A 60× water immersion objective (NA 

= 1.2, Olympus, UPLANSAPO60×/W) was used for imaging. The two-color excitation and two-

channel imaging methodology is described in our previous work.27 Briefly, we employ two lasers 

to excite the NC donors and dye molecule acceptors: a 12 mW 355 nm laser (Coherent Genesis 

CX) focused to an 68 µm × 49 µm area (yielding 3.6 kW/cm2) excites the ZnO NCs in the 

conjugate, while a 0.6 mW 532 nm laser (Coherent Obis) focused to an 69 µm × 49 µm area 

(yielding 0.18 kW/cm2) selectively excites the A555 molecules in the conjugate. Fluorescence 

images were continuously acquired at a 50 ms exposure time (20 frames per second) while the 

excitation lasers were alternated in an on/off fashion, with 1 s pulses. The PL intensity trajectories 

of conjugates from the movies, were extracted using the detailed image analysis algorithm 

described previously.27 No unexpected or unusually high safety hazards were encountered.  

4.3.6 Kinetic Monte Carlo (kMC) simulations      

 A numerical simulation was developed to qualitatively predict the A555/APTMS/ZnO 
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conjugate PL intensity trajectories. The kMC simulation examines the evolution of a NC-dye 

conjugate through various decay pathways, based on a previously hypothesized mechanism.29,31  

The time evolution of the system is modeled by taking the time before each step occurs, calculated 

according to Eq. 4.1:  

 𝑡 = − (1𝑘) × ln (1 − 𝑟) Eq. 4.1 

where t is the time before the relevant process occurs, k is the rate constant of the relevant process, 

and r is a random number drawn from a uniform distribution between 0 and 1. The first step of 

each excitation is to calculate t prior to excitation. The excitation frequency (kExc) of a single NC 

was estimated as kExc = 1.36×108 s-1, based on the 355 nm laser power of 3.6 kW/cm2 used for 

single-molecule experiments and a NC cross section of 2.12×10-13 cm2. In the simulation, after 

excitation, the excited electron instantaneously cools to either a dark trap state or light trap state, 

with the fraction directed to each state determined by the PL quantum yield (≈ 4.4%) as previously 

measured for similar samples.29 If the electron is trapped in a dark state, its decay time is calculated 

according to Eq. 4.1, where kTrap = 1.1×107 s-1.29 If the electron decays to a light trap, it can 

subsequently decay via two possible pathways: (1) radiative electron-hole recombination with a 

rate constant k0 = 6.2×105 s-1,29 or (2) EnT with kFRET = 2.0×107 s-1.29 The times for each pathway 

are calculated using Eq. 4.1 with separate random numbers drawn for each, and the faster process 

is selected via the “first reaction method”, commonly used for pathway selection in kMC 

simulations.35,36 Similarly, if EnT occurs and excites the dye, the dye can decay either radiatively 

as described by kFl = 3.3×108 s-1,37 or non-radiatively due to quenching by the NC, described by 

kQuench, which is varied as the independent variable in the simulation.  

Each time a NC emits a photon, a count is added to the defect channel, along with the time 

at which the event occurred. Similarly, when photon emission from the dye occurs, a count is 
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added to the dye channel. The time was calculated by summing the times for each process leading 

up to emission. For each time point, an emission event in a given channel was tracked by assigning 

it a value of “1”, while the absence of emission is assigned a value of “0”. A total of 5×107 

excitations are simulated for each condition. Given that many (> 10,000) excitations occur within 

each frame of the experimental framerate of 0.005 s the simulation results were averaged over each 

interval of 0.005 s. This averaging mimics the experimental integration of all events observed 

within each frame during the experiment. The channel ratio, CR, was then calculated as the 

quotient of the dye channel counts over the defect channel counts, after averaging. 

4.4 Results 

4.4.1 A555/APTMS/ZnO Conjugate and Ensemble-level EnT Characterization 

We designed and synthesized A555/APTMS/ZnO conjugates to investigate defect-

mediated EnT using single-molecule fluorescence microscopy. Scheme 4.1 illustrates the key 

synthetic steps: first, oleylamine-capped ZnO NCs underwent a surface ligand exchange reaction 

to produce APTMS-capped ZnO NCs. This modification introduced primary amine groups on the 

nanoparticle surface, providing functionality for subsequent conjugation. The APTMS-capped 

ZnO NCs served as essential controls in our system. Next, the NCs were reacted with the NHS-

ester derivative of the A555 dye in acetic acid at a pH of 6-6.5, forming stable amide bonds that 

effectively conjugated the dye to the nanoparticle surface. Previous work by Hadar et al. also 

achieved successful chemical conjugation via chemical amide bond formation between the amine 

group of glutathione and the carboxylic group of the dye molecule, accompanied by the release of 

the dye NHS ester group.38 This two-step process allowed us to create amine-functionalized ZnO 

NCs and subsequently integrate them with A555 dye molecules, enabling the study of EnT 

processes at the single-molecule level. 
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Scheme 4.1. Cartoon schematic of A555/APTMS/ZnO conjugate synthesis. The first step is a surface ligand exchange 
process of oleylamine-coated ZnO NCs with APTMS. In the dye conjugation step, the covalent conjugation occurs 
between the NHS ester group on the dye and the primary amines on the APTMS ligand. The dye chemical conjugation 
occurs at a pH of 6-6.5 in acetic acid. The final product is APTMS-capped ZnO NCs with A555 dye molecules 
covalently conjugated to the NC surface. 

We verified the presence of APTMS ligands on the NC surface and the chemical 

conjugation of dye molecules to the APTMS ligand using multiple analytical techniques, including 

ATR-FTIR spectroscopy, XPS, electron microscopy, UV-Vis spectroscopy, and steady-state PL 

spectroscopy. Figure 4.2a-b shows the ATR-FTIR spectra of APTMS-capped ZnO NCs (blue 

traces), A555/APTMS/ZnO conjugates (pink traces), and A555 dye alone in DMF solvent (green 

traces). Both the APTMS-capped ZnO NCs and the A555/APTMS/ZnO conjugates contain a wide 

absorption peak in the range of 3000-3500 cm–1, attributed to the stretching modes of surface –OH 

groups.39,40 The peak at 1006 cm–1 corresponds to Si–O–Zn bonds, indicating the formation of 

covalent bonds between the ZnO surface and APTMS due to the successful capping of ZnO NCs 

by silane.40,25  The free A555 dye spectra (green trace) depicts CH peaks at 2900 cm–1, 2987 cm–

1, 1384 cm–1, 657 cm–1, and 870 cm–1, indicative of pure DMF from the dye solution (green 

trace).41,42 The CH peak at 1384 cm−1  also appears in the A555/APTMS/ZnO conjugates (pink 

trace), and is absent in the APTMS-capped ZnO NCs (blue trace), indicative of DMS present in 

the conjugate samples from the dye chemical conjugation procedure. Additionally, the free A555 

dye and the A555/APTMS/ZnO conjugates show two bands at 1414 cm–1 and 1489 cm–1 that are 

attributed to the carbonyl groups of the NHS ester.43 The stretching at 1650 cm–1 belongs to the 

carbonyl and is slightly shifted to higher energies upon chemical conjugation.44 The appearance of 
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a weak band ~3300 cm–1 is attributed to the stretching of N−H primary amine.44 The covalent bond 

formation of the chemical conjugation of the NHS ester and the APTMS ligand is indicated by the 

CN and CO peaks present in both the conjugate and the free dye. Figure 4.2c-d shows XPS 

measurements of APTMS-capped ZnO NCs (blue trace) and A555/APTMS/ZnO conjugates (pink 

trace) to reveal Si and N due to the presence of the APTMS ligand. Additionally, high resolution 

XPS of the A555/APTMS/ZnO conjugates revealed a small S presence due to the A555 NHS ester 

dye that did not appear in the APTMS-capped ZnO NCs as shown in Figure 4.2d. 

Figure 4.2e shows a representative TEM image of the APTMS-capped ZnO NCs. The 

synthesis procedure produces hexagonal plate-like particles, consistent with the hexagonal 

wurtzite structure of ZnO NCs.45,46 The average NC diameter is 5.2 nm ± 1.2 nm (N = 50, Figure 

C1). We also observe an amorphous film surrounding the NCs (highlighted by the blue arrows in 

Figure 4.2e) that we attribute to the APTMS ligand because this film does not appear in 

unconjugated samples26,27 and STEM-EDS imaging detected Zn, O, and Si in the samples (Figure 

C3). The presence of the thick, amorphous film in Figure 4.2e indicates that the APTMS coating 

likely exceeds a monolayer, suggesting multilayer formation or polymerization during deposition.  
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Figure 4.2. (a)-(b) ATR-FTIR spectra of APTMS-capped ZnO NCs (blue traces), A555/APTMS/ZnO conjugates 
(pink traces), and A555 dye in DMF (green traces). The dashed lines indicate notable peak assignments in the FTIR 
spectra. (c) Survey XPS spectra of APTMS-capped ZnO NCs (blue trace) and A555/APTMS/ZnO conjugates (pink 
trace). The pink rectangle highlights the S 2p region as shown in (d). (d) High-resolution XPS spectra of the S 2p peak 
for the APTMS-capped ZnO NCs (blue trace) and the A555/APTMS/ZnO conjugates (pink trace) respectively. (e) 
Bright-field TEM image of APTMS-capped ZnO NCs on a lacey carbon grid. Pink arrows indicate distinct hexagonal 
NCs and blue arrows correspond to the film. Image inset shows a cropped view of FFT confirming polycrystalline 
ZnO NCs (Figure C2). (f) Photographs of colloidal APTMS-capped ZnO NCs (top) and A555/APTMS/ZnO 
conjugates (bottom) under UV illumination. (g) Normalized absorbance (dashed lines) and emission spectra (solid 
lines) of APTMS-capped ZnO NCs (blue lines) and A555/APTMS/ZnO conjugates (pink lines). The blue shaded 
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region represents the bandpass filter (490/60 nm) for the “defect channel” in single molecule imaging experiments. 
The pink shaded region refers to the 585/40 nm bandpass filter for the “dye channel”. Emission spectra were acquired 
using 355 nm excitation.   

Next, we validated defect-mediated EnT occurring upon exciting the ZnO NC donors with 

UV light. Figure 4.2f shows photographs of colloidal APTMS-capped ZnO NCs (top) and 

A555/APTMS/ZnO conjugates (bottom) under UV illumination. The photographs qualitatively 

indicate significant optical property changes upon covalently linking the A555 dye to the NC 

surface. Spectroscopic measurements show that the ZnO defect emission is quenched in the 

presence of the A555 acceptor. Figure 4.2g compares the absorption and emission properties of 

APTMS-capped ZnO NCs (blue dashed and blue solid traces respectively) and of 

A555/APTMS/ZnO conjugates (pink dashed and pink solid traces respectively). The 

A555/APTMS/ZnO conjugate absorbance (Figure 4.2g, dashed pink trace) exhibits an optical 

change compared to the APTMS-capped ZnO NCs absorption (Figure 4.2g, blue dashed trace). 

Both samples exhibit an absorption onset at 355 nm. The conjugate absorption displays the spectral 

signature of the A555 dye absorbance at 555 nm that can be attributed to surface attached A555 

molecules, indicating its presence in the conjugate samples. The A555 dye peak does not appear 

in the APTMS-capped ZnO NCs alone. The APTMS-capped ZnO NCs exhibit strong defect PL at 

548 nm upon exciting the bandgap transition with 355 nm light. In contrast, the defect PL peak of 

the A555/APTMS/ZnO conjugate sample is quenched, with a strong dye PL peak emerging at 585 

nm. This ZnO NC donor PL quenching and A555 dye acceptor PL enhancement is the 

spectroscopic signature of defect-mediated EnT.17,26,27,29 In previous work with bare 4.7 nm ZnO 

NC donors and freely diffusing A555 dye molecule acceptors in solution, we observed complete 

ZnO defect emission quenching at an average dye:NC ratio of 1.5.26 In this chemically conjugated 

sample, with an average dye:NC ratio of 1 determined through single particle-level measurements, 

we did not observe complete ZnO defect emission quenching in ensemble-level measurements. 
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The residual defect emission in Figure 4.2g can be attributed to the presence of bare ZnO NCs in 

the sample or inactive dye/ZnO NC pairs.  

The ensemble-level results in Figure 4.2g help guide our selection of excitation lasers and 

detection channels for imaging the EnT process at the level of single NCs and single molecules. 

The blue shaded region in Figure 4.2g represents the bandpass filter (490/60 nm) for the “defect 

channel” in single molecule imaging experiments. The pink shaded region refers to the bandpass 

filter (585/40 nm) for the “dye channel”. We quantify the extent to which defect-mediated EnT 

occurs via the channel ratio, CR, which refers to the integrated intensity of the “dye channel” 

divided by the integrated intensity of the “defect channel”. The ensemble-level CR value for 

APTMS-capped ZnO NCs alone is 1.25. The ensemble-level CR value for A555/APTMS/ZnO 

conjugates is 5.23. The larger CR value for the NC/dye conjugate sample shows that the acceptor 

channel increases, and the defect channel decreases when defect-mediated EnT occurs. Hence, the 

ensemble-level CR value provides a baseline quantitative value to compare when evaluating the 

defect-mediated EnT process at the single NC-level.  

4.4.2 Single NC, single molecule-level imaging of defect-mediated EnT 

Ensemble-level EnT measurements do not reveal how many ZnO-dye pairs participate in 

the EnT process. Answering this question is important because it is unclear whether the residual 

defect PL emission in Figure 4.2g is due to bare APTMS-capped ZnO NCs in the conjugate sample 

or A555/APTMS/ZnO conjugates with low EnT efficiency. To answer this critical question, we 

performed single NC-level EnT measurements using widefield fluorescence microscopy. To do 

so, we employed a two-color excitation and two-channel imaging sequence as shown in Scheme 

4.2. In a typical experiment, we drop cast A555/APTMS/ZnO conjugates on to a clean quartz slide 

and mounted the sample on the stage of an inverted optical microscope equipped with a prism-
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type TIRF setup. Two laser sources excite the sample in an alternating fashion: a 1-second 532 nm 

laser pulse selectively excites the A555 dye molecules and then a 1-second 355 nm laser excites 

the ZnO bandgap. We repeat this sequence for 100 total cycles. The first 532 nm pulse allows us 

to localize the centroid position of dye molecules anywhere on the sample using the super-optical 

resolution imaging method.47,48 The second 355 nm pulse allows us to localize the centroid position 

of ZnO NCs via their defect PL signals and induce defect-mediated EnT between ZnO NC donors 

and surface-attached dye acceptors. A high-numerical aperture 60×/NA 1.2 objective collects 

photons emitted from the sample. Image splitting optics project the collected photons onto two 

halves, or “channels” of an EM-CCD camera. The two channels represent dual wavelength images 

for simultaneous monitoring of the “defect” and “dye” channels, as defined by the bandpass filters 

shown in Figure 4.2g. 

 
Scheme 4.2. Cartoon illustration of the two-color excitation imaging sequence. The first 532 nm pulse selectively 
excites dye molecules only whereas the second 355 nm pulse excites ZnO NCs. The numbers 1, 2, and 3, represent 
three possible ZnO NC-dye binding configurations: case 1 is an isolated ZnO NC; case 2 is a non-specifically bound 
ZnO NC/dye pair; and case 3 is a specifically bound NC/dye pair.  

Figure 4.3 shows representative widefield two-channel images under 532 nm and 355 nm 

illumination for three different samples: APTMS-capped ZnO NCs alone, A555 dye alone, and 

A555/APTMS/ZnO conjugates. The left and right halves of each image in Figure 4.3 represent the 

dye and defect channels, respectively. Figure 4.3a shows that ZnO NCs excited with 355 nm light 

produce diffraction-limited spots in both channels, in agreement with the spectrum in Figure 4.2e. 

We use a robust intensity-based threshold analysis to isolate and study individual ZnO NCs, 
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effectively filtering out large clusters or ZnO NC aggregates.27 Table C1 presents the total count 

of ZnO NC objects detected in widefield images, along with the breakdown of single NCs and 

clusters identified from those objects. Illuminating ZnO NCs alone with 532 nm light produces 

only background signals in the defect or dye channels (Figure 4.3b). In contrast, excitation of dye 

molecules alone with 355 nm light does not produce localized fluorescence intensity spots in either 

channel (Figure 4.3c). However, excitation with 532 nm light generates bright spots exclusively 

in the dye channel (Figure 4.3d-left). The NC and dye control experiments in Figure 4.3a-d enable 

us to set intensity-based thresholds to identify and study single NCs and dye molecules. Figure 

4.3e shows A555/APTMS/ZnO conjugate samples excited with 355 nm excitation produce bright 

spots in both channels. Unlike the ZnO NCs alone, exciting the A555/APTMS/ZnO conjugate 

samples with 532 nm light produces many bright spots in the dye channel (compare Figure 4.3b-

left versus Figure 4.3f-left). If every NC had a surface-attached dye molecule, we would expect a 

clear correlation between the bright spots in Figure 4.3e and Figure 4.3f. However, a qualitative 

comparison of these images reveals that not all bright spots overlap. This lack of correlation 

suggests that the conjugate sample includes a mixture of isolated or unlabeled ZnO NCs, free dye 

molecules, and NC/dye conjugates. The next section describes how we distinguish these cases 

using intensity- and super-optical resolution distance-based analyses. 
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Figure 4.3. Widefield dual channel images of (a-b) the APTMS-capped ZnO NCs sample excited with (a) 355 nm 
excitation and (b) 532 nm excitation. The left and right halves of each image represent the dye and defect channels, 
respectively. (c-d) and (e-f) are the same as (a-b) but for A555 dye alone and A555/APTMS/ZnO conjugates, 
respectively. Each image represents the average image calculated from the entire movie. The total image area is 130 
µm × 49 µm.  

Figure 4.4 shows representative fluorescence intensity trajectories and super-resolution 

imaging results obtained using the two-color excitation, two-channel imaging sequence. We 

previously developed an intensity-based and donor-acceptor distance (R)-based image processing 

algorithm27 to differentiate between three possible ZnO NC-dye binding configurations, or cases, 

as shown in Figure 4.4a,g,m. Case 1 is a bare ZnO NC (Figure 4.4a-f). When the 532 nm laser 

excites a bare ZnO NC (Figure 4.4a), we do not observe significant defect PL emission in the 

defect channel (Figure 4.4b-blue circles) because 532 nm illumination does not excite the ZnO 

bandgap. We also observe weak dye fluorescence intensity in the dye channel (Figure 4.4b-pink 

circles) because no dye molecules are bound to the NC surface. Note, the data in Figure 4.4b is 

slightly higher in intensity due to the trajectory belonging to an internal control (extracted from 

the A555/APTMS/ZnO conjugate movies). Thus, the dye channel has higher overall intensity (see 

Figure 4.3f), but there is no dye object identified in the region of interest (ROI); see Figure C3a 

for the corresponding widefield image for the trajectory in Figure 4.4b. Figure C3 shows all the 

representative widefield images for the trajectories shown in Figure 4.4. On the other hand, we 

observe strong defect PL under 355 nm excitation (schematically shown in Figure 4.4d). Figure 
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4.4e shows fluorescence intensity trajectories for the case shown in Figure 4.4d. The trajectory 

under 355 nm excitation shows a slow intensity increase for the first 35 s, which has been attributed 

to chemisorbed oxygen that initially quenches the defect PL emission,49  presumably due to charge 

transfer from photo-excited conduction band electrons to adsorbed O2 molecules.50 The CR 

trajectory, where CR(t) = Idye(t)/Idefect(t) (Figure 4.4e, white trajectory), exhibits an average value 

of 0.98 (Figure 4.4f), which is in agreement with the ensemble CR value of 1.25 measured in 

Figure 4.4e. Figure 4.4c shows the super-resolution localization results for case 1. Each blue cross 

represents the centroid position obtained from a 2D Gaussian fit to a diffraction-limited bright spot 

in the defect channel under 355 nm excitation. The width and height of the cross represents the 

localization precision of each fit; the average error for each fit is 30 nm. The white × in Figure 

4.4c represents the average (x,y) coordinates from all the individual centroid fits (i.e., the ZnO NC 

position). The white dashed circle represents two standard deviations from all the individual 

centroid fits (i.e., the dashed circle diameter in Figure 4.4c).  
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Figure 4.4. Representative fluorescence intensity trajectory analysis and super-resolution imaging results for three 
possible ZnO NC/dye binding configurations: case 1 is isolated single ZnO NC; case 2 is non-specifically bound ZnO 
NC/dye pair; and case 3 is a specifically bound NC/dye pair. See main text for details. (a,d) Cartoon illustration of an 
isolated ZnO NC excited with (a) 532 nm and (d) 355 nm laser excitation in the prism type TIRF configuration. (b) 
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Intensity trajectories of a 4 × 4 pixel ROI in the dye channel (pink circles) and defect channel (blue circles) under 532 
nm excitation. (e) Same as panel b, but for 355 nm excitation. The white circles represent CR values. The red dashed 
line is the average CR value. Panel f shows the CR value distribution. The Gaussian fit yields an average CR value of 
0.98. (c) The blue crosses represent NC centroid positions obtained from 2D Gaussian fitting of all diffraction-limited 
bright spots obtained in the defect channel under 355 nm illumination. The white × represents the average (x,y) 
coordinates from all individual fits. The dashed white circles represent the error of the individual fits (two standard 
deviations). (g-l) and (m-r) Same as panels (a-f), but for non-specifically bound NC/dye pairs and specifically bound 
NC/dye pairs, respectively. Note, the pink crosses in panels i and o represent dye molecule centroid positions obtained 
from 2D Gaussian fitting of all diffraction-limited bright spots obtained in the dye channel under 532 nm illumination. 

Case 2 (Figure 4.4g-l) represents a non-specifically bound conjugate pair, defined as a 

situation where a dye molecule and a single ZnO NC appear in the same diffraction-limited area 

of the sample, but the two are separated by a distance exceeding our super-optical spatial resolution 

limit (≈30 nm, as shown in Figure C4). Case 2 can occur when free dye molecules present in the 

conjugate solution adsorb near ZnO NCs during the drop cast step (see in Figure 4.3e-f). 

Specifically, we define non-specifically bound ZnO NC/dye pairs if the white dashed circles in 

Figure 4.4i do not overlap, meaning the average NC and dye centroid positions plus two-standard 

deviations do not overlap. Figure 4.4h shows slightly higher intensity in the dye channel under 532 

nm illumination (pink trajectory) compared to the isolated NC case (Figure 4.4b), indicative of 

dye fluorescence under 532 nm excitation (Figure C4c). Interestingly, we observed no significant 

variations in the defect PL intensity trajectory under 355 nm illumination (Figure 4.4k), nor any 

differences in CR values as compared to case 1. The average CR value is 1.1 (Figure 4.4l), which 

is nearly identical to the bare ZnO NC in Figure 4.4f, suggesting that the emission from this NC is 

not affected by the presence of the dye molecule in the same diffraction-limited spot of the sample. 

We note that the defect and dye channel trajectories under 355 nm illumination show a slow 

intensity increase over the first 35 s of the movie (Figure 4.4k), similar to that of the isolated NC 

in Figure 4.4e. The super-resolution imaging results in Figure 4.4i reveal why this ZnO NC/dye 

pair exhibits similar fluorescence intensity characteristics as the bare ZnO NC case. Each pink 

cross in Figure 4.4i represents a 2D Gaussian fit to a bright spot in the dye channel under 532 nm 
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illumination (i.e., the dye position). The average ZnO NC and dye positions do not overlap within 

error (i.e., they are a non-specifically bound pair), which explains why these entities produce 

fluorescence intensity trajectories reminiscent of isolated dye molecules and NCs. 

Finally, case 3 represents a specifically bound pair (Figure 4.4m-r), where a dye molecule 

is detected under 532 nm excitation (Figure 4.4n) and a ZnO NC is detected under 355 nm 

excitation (Figure 4.4q). In this case, the dye molecule and NC are separated by a distance smaller 

than our spatial resolution, as indicated by the overlapping white dashed circles in Figure 4.4o. 

The distinguishing feature of specifically bound ZnO NC/dye pairs is intensity fluctuations in both 

the dye and defect channels under 355 nm laser excitation (Figure 4.4q). The intensity fluctuations 

do not appear in control data (Figure 4.4a-f) or the non-specifically bound pair (Figure 4.4g-l). In 

molecular donor-acceptor FRET systems like Cy3/Cy5,51 donor intensity quenching and acceptor 

intensity enhancement are typically more pronounced, stepwise, and persist for several seconds. 

In contrast, the fluctuation periods in this NC/dye donor-acceptor system are brief, occurring 

within a single frame. The Discussion Section explores potential reasons why clear anticorrelated 

FRET behavior, characterized by extended “on” and “off” periods, was not observed under these 

experimental conditions. 

Interestingly, the CR value fluctuations approach 5, in agreement with the ensemble-level 

result in Figure 4.2g. The average CR value increases to 2.2 (Figure 4.4r), which is also in 

agreement with the expectation that, on average, the dye channel intensity increases, and the defect 

channel intensity decreases when defect-mediated EnT occurs. In summary, the two-color 

excitation and two-channel imaging approach allows us to isolate and study bare ZnO NCs from 

ZnO NC/dye pairs that are both present in the conjugate sample batch and whose fluorescence 
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intensity contributions cannot be deconvoluted in conventional ensemble-level spectroscopy 

measurements. 

4.4.3 Single-Molecule Statistical Analyses 

To address the first critical question—what fraction of the conjugate sample consists of 

bare ZnO NCs?—we quantified fractional population of cases 1-3 in Scheme 4.2 and Figure 4.4 

by analyzing fluorescence intensity values and CR histograms for 30 individual ZnO NCs. The 

cumulative results, shown in Table 4.1, were then compared to our previous study on unconjugated 

ZnO NCs, where ZnO NCs and A555 molecules were mixed in solution and drop-cast onto a 

quartz slide.27 In the conjugate sample, we observed only 1 single, bare ZnO NC out of 30 possible 

single ZnO NCs. In our previous study, we observed that 91% of all possible single ZnO NCs on 

the quartz slide were unbound to dye molecules and not located in the same diffraction-limited 

area as a dye molecule. Hence, chemical conjugation drastically reduces the total number of free 

ZnO NCs in the sample as compared to relying on physisorption alone. While the chemical 

conjugation step did not result in labeling all ZnO NCs, we excitingly observed a major difference 

in case 2 versus case 3 populations from our previous study.  

Table 4.1. Statistical comparison of the fractional populations of case 1: isolated ZnO NCs, case 2: non-specifically 
bound NCs, and case 3: specifically bound NCs present in chemically conjugated samples versus randomly mixed 
samples. Specifically bound pairs were analyzed for EnT activity as discussed in the main text. Adapted in part with 
permission from reference 27. Copyright 2023, American Chemical Society.  

Case 
Fractional Population in 

Conjugated 
Sample 

Fractional Population in 
Randomly 

Mixed Sample 
1: Isolated ZnO NC 1/30 (3%) 789/867 (91%) 
2: Non-Specifically 

Bound 
4/30 (13%) 73/867 (8%) 

3: Specifically Bound 
EnT-Active Pairs 

EnT-Inactive Pairs   

25/30 (83%) 
20/25 (80%) 
5/25 (20%) 

5/867 (1%) 
 
  

  
To answer the second critical question—what fraction of specifically bound ZnO-dye pairs 

participate in the EnT process?— we focused on analyzing the intensity fluctuations in Figure 
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4.4q because those fluctuations appear to be the experimental signature of defect-mediated EnT. 

Our hypothesis is that EnT-active NC/dye pairs exhibit more CR value fluctuations than EnT-

inactive pairs. To test this hypothesis, we calculated a fluctuation magnitude, FM, defined as the 

difference between the CR value of every frame and the average CR value obtained from Gaussian 

fitting (red dashed line in Figure 4.4e,k,q). Figure 4.5a shows the quantitative comparison of FM 

values for 20 isolated APTMS-capped ZnO NCs (blue distribution) versus 25 A555/APTMS/ZnO 

specifically-bound conjugate pairs (pink distribution). Both populations exhibit a peak at 0 FM, 

indicating that positive and negative intensity fluctuations occur from a common baseline. 

Importantly, the A555/APTMS/ZnO conjugate pairs exhibit a much broader distribution than the 

control isolated APTMS-capped ZnO NC population, which is most notably observed when 

plotting the distributions on a log scale (Figure 4.5a, inset). In summary, Figure 4.5a shows a 

quantitative difference between isolated NCs and specifically bound NC/dye pairs that is 

consistent with the ensemble-level results in Figure 4.2g (i.e., dye channel intensity enhancement 

and defect channel quenching).  

Next, to quantify the number of fluctuation events at the single NC level, we calculated a 

global threshold from the distributions shown in Figure 4.5a and subsequently determined the 

number of positive or negative events for each NC. The global threshold for positive events was 

defined as three standard deviations above the mean (µ + 3σ, FMthresh+ = 0.40), while the negative 

threshold was set as three standard deviations below the mean (µ – 3σ, FMthresh− = −0.42), based 

on a Gaussian fit to the isolated ZnO control population. Figure C5 shows a representative example 

of this classification process for a single NC/dye pair. The shaded red and blue regions in Figure 

4.5a indicate all possible positive and negative fluctuations that pass this threshold value. Figure 

4.5b shows the distribution of positive events per NC after the thresholding step for bare APTMS-
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capped ZnO NCs (blue bars) and A555/APTMS/ZnO conjugate pairs (pink bars). On average, the 

NC/dye pairs exhibit about 94 positive events over the 7 min experiment (see Gaussian fit-red 

dashed line in Figure 4.5b). The broad distribution of events per NC could be due to a 

heterogeneous distribution of (i) donor defect states per NC (and their associated distribution of 

photophysical rate constants to/from NC defect states to dye acceptors), (ii) donor-acceptor 

distances, and/or (iii) orientation factors between the donor and acceptor dipole moments, as 

examined in the Discussion Section. Since a major fraction of control ZnO NCs exhibit <25 events, 

we define the fraction of specifically bound ZnO-dye pairs that participate in the EnT process as 

all those NC/dye pairs that exhibit >25 events/7 min, which corresponds to 20 EnT-active NC/dye 

pairs out of 25 possible specifically-bound candidates (80%). Regarding the correlation between 

fluctuations and average EnT activity, Figure 4.5b-inset shows a strong positive correlation 

between the total number of positive and negative events per NC for both the control and pair data. 

The calculated Pearson correlation coefficient, r, for the control data is r = 0.871 ± 0.0365 and for 

the pairs r = 0.846 ± 0.0385 with the error calculated according to Han et al.52 Figure 4.5c shows 

a positive correlation between the total number of combined events and the average CR value. In 

other words, dye/NC pairs that exhibit greater fluctuation activity also exhibit greater dye 

fluorescence intensity enhancement and defect PL quenching over the entire experiment 

(parameterized by the CR value), in agreement with the ensemble-level result in Figure 4.2g. The 

physical origin of the positive and negative events will also be discussed below.  
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Figure 4.5. (a) Fluctuation magnitude distributions for 20 isolated ZnO NCs (blue histogram) and 25 
A555/APTMS/ZnO conjugate pairs (pink histogram). Blue and red dashed lines are Gaussian fits to the distributions. 
The inset shows a log scale to emphasize the difference between the two distributions. The red shaded region shows 
the positive events determined from the positive threshold (0.40) and the blue shaded region shows the negative events 
determined from the negative threshold (−0.42). (b) Distribution of total number of positive events per NC for 20 
isolated ZnO NCs (blue histogram) and 25 NC/dye conjugate pairs (pink histogram). The inset shows the total number 
of positive versus total number of negative events per NC. The error bars represent the standard error of the mean. (c) 
Scatter plot of the single particle-level average CR value versus the total combined number of positive and negative 
events per NC. The blue and pink circles represent data from single bare ZnO NCs and dye/NC pairs, respectively. 
The CR error bar represents the standard error of the mean. 

Table 4.1 summarizes the sub-populations identified in the chemically conjugated 

A555/APTMS/ZnO sample batch, based on single-molecule imaging experiments. Among the 

single ZnO NCs analyzed, 83% (25 out of 30) formed specifically bound NC/dye pairs. In contrast, 

unconjugated samples contained only 0.6% specifically bound pairs.27 Approximately 20% of the 

chemically conjugated NC/dye pairs were EnT-inactive, likely due to factors such as large donor-

acceptor distances or unfavorable orientation factors between their dipole moments. Additionally, 

16% of the sample consisted of bare, unconjugated ZnO NCs, determined as the combined 

population of isolated NCs and non-specifically bound NC/dye pairs listed in Table 4.1. These 

single-particle-level measurements required analyzing only a small volume of the colloidal sample 

batch. However, this approach revealed sub-populations of bare ZnO NCs and EnT-inactive 

NC/dye pairs, which likely contribute to the residual defect PL signal observed in Figure 4.2g. It 

is unclear how nanoparticle aggregates contribute to the residual defect PL signal in Figure 4.2g 

because our single particle-level study did not analyze ZnO NC aggregates. 
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4.5 Discussion 

Our single molecule, single NC-level imaging data supports that (i) a small fraction 

(≈16%) of the conjugate sample consists of bare ZnO NCs; (ii) the EnT activity, parameterized 

by the number of fluctuations and the CR value, varies widely from NC to NC in the conjugate 

sample; and (iii) defect PL and dye fluorescence intensity fluctuations are the experimental 

signature of defect-mediated EnT under these imaging conditions. Here we discuss several 

possible explanations for major results (ii) and (iii). 

One possible explanation for the broad distribution of single particle-level EnT activities 

in Figure 4.5b is that dye/NC pairs with long donor-acceptor distances (R) exhibit lower EnT 

efficiency than dye/NC pairs with short distances. Here, we ask the question: Do dye/NC pairs 

with shorter donor-acceptor distances exhibit greater EnT activity? One hypothesis is that large, 

positive FM value events exhibit shorter R values and large, negative FM value events exhibit 

longer R values because EnT efficiency scales inversely with R6.53 To test this hypothesis, we 

calculated R values for all positive and negative events using the centroid position of the ZnO NC 

donor under 355 nm excitation and the dye molecule position under 532 nm illumination. Note, 

we measure the ZnO NC position at the exact time of the positive or negative event and measure 

the dye molecule position about 100-1000 ms after the event, when the 532 nm light pulse excites 

all dye molecules on the sample. Supporting Information Section C5 details the algorithm for the 

R calculation procedure. Figure 4.6a shows the FM values of positive (pink squares) and negative 

events (blue triangles) versus R for all 25 candidate A555/APTMS/ZnO conjugate pairs. Figure 

4.6b-c shows a zoom-in view of the data for the positive and negative events because R values are 

less than 100 nm. Note, the R values in Figure 4.6 exceed the physical size of the ZnO NC due to 

the error associated with overlaying the centroid positions from one image channel onto the other 
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(40 nm) and the localization error from 2D Gaussian fitting of the donor and acceptor (40 nm).54 

Hence, we focus on the general trends in Figure 4.6b-c rather than trends in absolute values. 

Surprisingly, Figure 4.6b shows the positive FM magnitude is independent of R, where r = 0.185 

± 0.040. Figure 4.6c shows a very weak correlation between the negative FM values and increasing 

R, where r = -0.160 ± 0.033. The weak correlation could perhaps be that EnT “shuts off” as the 

dye molecule temporarily moves away from the NC centroid position. However, the correlations 

in Figure 4.6b-c are weak. Hence, we conclude that intensity fluctuations in single molecule 

imaging experiments are likely not due to variations in surface-attached dye motion during the 

course of the experiment. It is possible that the orientation factor between the donor and acceptor 

varies during the timescale of the experiment. Future polarization-dependent measurements can 

test the hypothesis that intensity fluctuations occur due to time-dependent changes in orientation 

factor. 

 
Figure 4.6. Events analysis as a function of average donor-acceptor distance. (a) positive (pink squares) and negative 
(blue triangles) events as a function of average donor-acceptor distance. The smaller shapes represent the 
experimentally determined FM values, while the larger shapes indicate the binned and averaged experimentally 
determined data (30 data points). The error bars indicate the standard error of the mean of the binned data points in 
both x and y. (b)-(c) same as (a) with smaller scales and error bars removed to clearly identify trends. The red and 
blue solid lines are the binned and averaged trend lines for positive and negative event analysis respectively.  

 There are likely multiple physical mechanisms which could lead to fluctuations associated 

with defect-mediated EnT in the A555/APTMS/ZnO conjugates, which can be modulated by 

fluctuations in emission from both the NC and the dye. We consider one mechanism, illustrated in 

Figure 4.7a, that builds on the literature precedent. This scheme shows the excited-state decay 
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processes in A555/APTMS/ZnO conjugates, based on a model originally proposed by Sadhu et 

al.,31 with one significant modification: our model incorporates the possibility that the NC 

quenches the dye excited state, potentially through electron transfer from the dye to the ZnO NC. 

This addition is motivated by ensemble-level excitation spectra of ZnO/dye samples, which show 

fluorescence quenching when dye molecules are directly excited in the presence of ZnO NCs.17 

Wang et al. proposed a similar model to describe defect-mediated EnT from ZnO nanowires to 

Eu3+ ions.22 Upon excitation of the ZnO bandgap with UV light, the model considers the following 

decay rates and processes: kTrap is the quenching rate due to the presence of the non-radiative traps, 

k0 is the radiative defect PL rate of photo-excited NCs in the absence of the acceptor molecule, 

kFRET is the defect-mediated EnT rate to a single dye molecule, kFl is the fluorescence rate of A555 

and kQuench is the non-radiative quenching rate of the excited state dye in the presence of the 

NC.17,26,29,31 All rate constants are based on experimental results, except kQuench which is manually 

changed as an independent variable.  The defect PL mechanism in ZnO NCs has been widely 

studied55-66 and there are strong indications that the defect PL involves surface states and possibly 

multiple emissive centers. For computational simplicity, we use recombination of trapped 

electrons with valence band holes as the origin of the defect emission. We assume that nonradiative 

traps do not participate in the defect-mediated EnT process.26  
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Figure 4.7. kMC CR trajectory simulations. (a) Schematic representation of the photophysical processes in ZnO NCs, 
dye molecules, and the possible EnT process of A555/APTMS/ZnO conjugates. kExc is the excitation frequency, kTrap 

is the quenching rate due to the presence of the non-radiative traps, k0 is the radiative defect PL rate of photo-excited 
NCs in the absence of the acceptor molecule, kFRET is the defect-mediated EnT rate to a single dye molecule, kFl is the 
fluorescence rate of A555, and kQuench is the non-radiative quenching rate of the excited state dye in the presence of 
the NC. kQuench was varied as highlighted by the blue box, while the other rates were kept constant. See the Methods 
Section for the specific values used in the simulations. Solid and dashed arrows represent radiative and non-radiative 
processes respectively. (b-c) Simulated intensity CR trajectory for kQuench > kFl with the corresponding distribution. (d-
e) and (f-g) is the same as (b-c) for kQuench = kFl and kQuench < kFl.  

 
Figure 4.7b-g shows the results of numerical kMC simulations of the CR trajectories 

associated with this model. When the dye quenching exceeds the fluorescence rate (kQuench > kFl, 

Figure 4.7b-c), the intensity of the dye channel is significantly reduced. This reduction leads to a 

lower average CR and diminishes the magnitude of fluctuations. In contrast, decreasing the 

quenching rate (kQuench < kFl ) enhances dye emission by favoring the fluorescence pathway over 

the quenching pathway, as shown in Figure 4.7f-g. This enhancement results in a higher average 

CR and more pronounced fluctuations. Importantly, the simulation results offer a plausible 

explanation for the increased micro-fluctuations observed in the experimental data. When 

quenching reduces the intensity of the dye channel, the overall CR signal decreases, along with 

the noise, as noise constitutes a relatively constant fraction of the signal. Therefore, the primary 
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cause of the increased micro-fluctuations at lower kQuench appears to be noise amplification as the 

signal intensity increases. These insights deepen our understanding of photophysical dynamics in 

ZnO NC/dye systems and highlight potential strategies to tune micro-fluctuations by controlling 

quenching and fluorescence processes in future experiments. 

4.6 Conclusion 

 Our investigation of defect-mediated EnT in ZnO NC/dye conjugate systems at the single-

particle level provides critical insights into the role of sample heterogeneity in determining EnT 

efficiency. We identified that 16% of the sample batch consists of bare ZnO NCs, while 20% of 

NC/dye pairs are EnT-inactive, contributing to residual defect PL and limiting overall EnT 

performance. Furthermore, distinct micro-fluctuations observed in single-particle fluorescence 

trajectories were linked to a competitive dye fluorescence quenching pathway. These results 

underscore the importance of minimizing heterogeneity and optimizing donor-acceptor 

interactions to enhance the efficiency of light-harvesting systems. By addressing these challenges, 

future designs can achieve higher EnT efficiency and improved performance in energy conversion 

applications. 
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CHAPTER 5: OUTLOOK AND FUTURE DIRECTIONS: IDENTIFYING THE DEFECT 

DONOR TRANSITION DIPOLE MOMENT FOR CONTROLLING ENERGY FLOW IN 

NANOCRSYTAL/MOLECULE ENERGY TRANSFER SYSTEMS4

 

 
 
5.1 Overview 

Developing nanomaterial systems that emit photons with controlled polarization and 

propagation direction upon excitation by a non-directional stimulus (e.g., sunlight or a voltage 

pulse) has significant implications for photonics, solid-state lighting, optical sensors, and quantum 

information processing units. This chapter investigates a strategy for achieving energy flow control 

through defect-mediated energy transfer between semiconductor nanocrystals (NCs) and 

molecules. In this approach, a photo- or electrically-excited semiconductor NC undergoes an 

energy transfer process with surface-bound molecular dye acceptors. Energy flow is facilitated by 

first trapping the excitation at a defect site in the NC lattice and ensuring that energy transfer 

preferentially occurs between molecules bound to specific NC surface facets, a phenomenon 

known as defect-mediated energy transfer. Defect-mediated energy transfer has been physically 

modeled using Förster resonance energy transfer (FRET) theory, which is a well-established model 

for molecular donor/acceptor pairs. However, the assumptions the field typically use to predict 

EnT efficiency between molecules stemming from FRET theory fail for many systems, specifically 

the transition dipole orientation of the donor. This chapter explores the extension of the research 

described in Chapters 2, 3, and 4 by providing future directions for the ability to control the 

 
4Portions of this chapter were reproduced with permissions from Lustig, D., Sambur, J., Van Orden, A., Imaging 
Defect-Mediated Energy Transfer between Single Nanocrystal Donors and Single Molecule Acceptors. Los Alamos 
National Laboratory Center for Integrated Nanotechnologies User Proposal, #2024AU0169.  
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orientation of the defect dipole moment. Specifically, the orientation of the donor dipole relative 

to the NC facets must be controlled. The key objectives will be to: (1) to measure the transition 

defect donor dipole orientation within semiconductor NCs and (2) to demonstrate controlled 

directionality of emitted photons based on the orientation of the transition donor dipole relative to 

a nearby acceptor. By refining the fundamental understanding of energy transfer in defect donor-

acceptor systems, this future work will advance the rational design of NC/dye conjugate systems 

for highly efficient and directional energy transfer. Furthermore, accurately measuring dipole 

orientation provides a pathway for controlling light emission directionality in NC/dye conjugate 

systems, with potential applications in quantum sensing and optoelectronic devices. 

5.2 Introduction         

FRET is a widely used technique based on energy transfer (EnT) between donor and 

acceptor molecules, where the photoexcited donor transfers energy non-radiatively to a nearby 

acceptor molecule via a dipole-dipole coupling mechanism.1–4 FRET theory is a well-established 

model for molecular donor/acceptor pairs.5,6 Additionally, defect-mediated EnT has been 

physically modeled using FRET theory as depicted in Figure 5.1, where the donor is localized 

defects within the NC.7–15  

 

Figure 5.1. Defect-mediated EnT from a localized defect site in a NC donor to a fluorescent dye acceptor. 
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However, two critical challenges arise for EnT occurring between NC donor/molecular 

acceptor systems: (1) the predicted EnT efficiencies are significantly less for NC-dye pairs than 

for molecule-molecule interactions11 and (2) key assumptions from FRET theory, particularly 

regarding transition dipole orientation, do not hold for many NC-based systems.16–19 Specifically, 

the field typically assumes freely diffusing donor and acceptor molecules are randomly oriented 

in solution, and therefore, κ2 = 2/34,20–22 as described in Figure 5.2a. More specifically, in defect-

mediated EnT NC/dye donor-acceptor systems, when a defect site acts as the donor, the problem 

is that the orientation of the transition donor dipole is unknown16,18,23–26, allowing for potential 

overestimations of FRET efficiency in the field as shown in Figure 5.2b. Addressing this issue 

requires the ability to both measure and control the orientation of the transition defect donor dipole 

moment relative to NC facets. Additionally, optimizing EnT efficiency necessitates precise control 

over acceptor molecule binding relative to the defect donor dipole moment.   

 

Figure 5.2. (a) Ensemble-level averaging of the donor dipole orientation factor (b) unknown donor/acceptor dipole 
orientation for a single NC/dye pair. 

This chapter explores the fundamental role of defects in FRET-based EnT processes, 

providing a comprehensive understanding of how defect-mediated EnT can be controlled and 

optimized. Specifically, two key questions are investigated: (1) Can the orientation factor of the 

transition defect donor dipole be measured? (2) Can the directionality and polarization of emitted 

photons be controlled based on the orientation of the transition donor dipole? By addressing these 
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questions, this study aims to refine how fundamental insights are extracted from FRET theory in 

NC-dye conjugate systems. This discovered knowledge will pave the way for controlling the 

directionality of light emission27–30 in NC/dye conjugate systems for quantum sensing 

applications.31–33     

A widely adopted assumption in FRET theory for molecular donor-acceptor pairs is the 

dipole orientation factor, κ2. The field typically assumes freely diffusing donor and acceptor 

molecules are randomly oriented in solution, and therefore, κ2 = 2/3.4,20–22 The accuracy of this 

assumption is critical, as κ2 directly impacts the calculation of the Förster distance, R0, which is 

the distance between a single donor-acceptor pair at which the EnT efficiency is equal to 50%.4 

However, this assumption fails in systems where dipole motion is restricted, such as FRET 

experiments involving fluorescent proteins, where the chromophore’s rigidity within a protein 

structure prevents random dipole orientation.18 This restricted motion is an example of a very 

specific orientation where the averaging of κ2 is no longer applicable.18 A similar challenge arises 

in semiconductor NC-molecule systems, where the dipole orientation of defect-based donors is 

often unknown. Thus, κ2 is often considered a barrier because it represents significant uncertainty 

in the donor-acceptor distance obtained through the FRET technique.19  

In semiconductor NCs containing a high number of defects, it is essential to determine the 

orientation of the defect dipoles for accurate FRET measurements. When the defect acts as the 

donor, this increases variables that impact κ2 as depicted in Figure 5.3: (1) how many defect dipoles 

exist per donor NC? (2) where are the defect dipoles located? (3) which direction are the defect 

dipoles oriented in relation to the crystal lattice when FRET occurs?  
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Figure 5.3. Variables that impact κ2. (a) Multiple localized defects can exist for a single NC. (b) various locations of 
defect sites for a single NC. (c) unknown orientation of the donor defect dipole. 

Addressing these unknowns is crucial for accurately determining κ2 and refining FRET-

based distance measurements in defect-mediated EnT systems. Although there have been 

experimental and theoretical studies measuring the dipole orientation of defects31–36, to the best of 

our knowledge there has not been any experimental studies measuring the transition dipole 

moment of single defects in a material. Through rational understanding of the donor defect dipole, 

this will pave the way to synthesize and utilize defect engineering in an NC crystal lattice to 

directionally control photon emission and energy flow. The results of our proposed research will 

enable rational design of a donor-acceptor system where EnT is optimized. This is a key step in 

enhancing the performance of light harvesting devices37, improving solar cell systems37–39, and 

quantum sensing applications.31–33 

5.3 Future Directions to Measure the Three-dimensional Defect Donor Transition Dipole 

Orientation in ZnO NCs  

A key challenge in understanding defect-mediated EnT is to identify (1) how many 

molecules engage in EnT with a single NC and (2) how many defect sites engage in EnT on a 

single NC. In addition, it is also possible that both active and inactive NC sub-populations exist in 

heterogeneous sample. All the above open questions are hidden in ensemble-level 

measurements.9,14 These complexities highlight the need for single-molecule imaging techniques 

that can resolve the fundamental mechanisms underlying defect-mediated EnT. To address these 

challenges, a future study will employ single-molecule fluorescence polarization microscopy 
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(smFPM) to directly identify the transition dipole moment of defects in individual NCs. By 

establishing a detailed understanding of defect dipole orientation, we aim to optimize defect-

mediated EnT from single NCs to single acceptor dye molecules. ZnO NCs are chosen as an ideal 

NC material because they exhibit a broad visible “defect” emission as shown in the inset in Figure 

5.4a upon being excited with UV illumination and a wide range of commercially available acceptor 

dye molecules can engage in defect-mediated EnT with the NC core and/or surface defects.40 

Through this approach, we seek to overcome the limitations of ensemble-based studies and provide 

new insights into the role of defects in EnT processes. 

 

Figure 5.4. Proposed set-up for smFPM coupled with TIRF microscopy to measure the transition dipole orientation 
of the defect donor in single NCs. Inset: (a) ensemble-level ZnO defect PL showing the 585/60 bandpass filter. (b) 3D 
orientation of a dipole transition in a spherical coordinate system, where XY is the sample plane of the fluorescence 
microscope. A molecular dipole is represented by a blue arrow. θ is the polar angle made with the optical Z axis. φ is 
the azimuthal angle about the Z axis. 
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In order to determine the transition dipole orientation of the defect donor in single NCs, it 

is crucial to observe the absorption and emission dipole moment. Combinations of polarization 

excitation and polarization emission are required to simultaneously analyze both dipole 

orientations. In the optical path, linear polarized light is used to excite in-plane NCs and the 

resultant fluorescence is projected into two orthogonal components whose directions are parallel 

and perpendicular to the incident light, respectively.41 Now, if excited with rotated linearly 

polarized excitation, then the intensity of molecules will be modulated with different phases 

determined by their orientation.42 This is because the probability of excitation depends on the 

polarization angle.43 Here, we utilize smFPM coupled with total internal reflection fluorescence 

(TIRF) microscopy.44 The technique uses the unique polarizations of evanescent waves generated 

by total internal reflection to excite the dipole moment of individual NCs. The TIRF excitation 

offers an advantage over epifluorescence and confocal microscopy of a strong polarization 

component along the z axis (optical axis of the microscope) as well as along the x and y axes, 

making it possible to determine the three-dimensional orientation of single NCs as shown in the 

inset of Figure 5.4b.45,46 A molecular dipole is represented by a blue arrow. θ is the polar angle 

made with the optical Z axis and φ is the azimuthal angle about the Z axis.36,41,47 To identify the 

nature of the transition dipole for defects in ZnO NCs, polarization anisotropy values (), defined 

as   = I∥−I⊥I∥+I⊥   (5.1) where I∥ and I⊥ are the fluorescence emission intensities for polarizations 

detected parallel and perpendicular to the excitation light polarization direction respectively.48–52
   

5.3.1 Experimental Methods 

smFPM measurements will be performed using a wide field inverted epifluorescence 

microscope coupled with a TIRF excitation. A dilute solution of ZnO NCs are spin-cast onto a 

quartz slide and a drop of immersol oil is placed over the NCs and a glass coverslip is placed on 
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top. The quartz slide is placed on the stage of an inverted microscope equipped with a prism-type 

TIRF microscopy setup with a 355 nm laser to excite the ZnO NCs. Laser light is directed into the 

prism at such an angle that it undergoes total internal reflection within the quartz slide at the 

interface with the immersol oil. The total internal reflection process produces an evanescent field 

on the immersol side of the slide. The intensity of the field decays exponentially with distance 

from the reflection surface, enabling excitation of NCs on the slide surface while limiting the 

penetration of the field into the solution, reducing background signal. The laser emits linearly 

polarized light and a half-wave plate was used to control the orientation of the polarization at the 

objective back aperture to adjust the absorption dipole moment.48 Photons emitted from the sample 

are collected through a 60x oil-immersion microscope objective, passed through a long-pass filter 

to further clean up fluorescent signal and remove stray background light, and then through a 

selective bandpass filter, which is chosen to select the defect emission from ZnO defects (585/60 

bandpass) as shown in Figure 5.4a. To monitor orientation dynamics in real time, an optical layout 

measures two polarization anisotropy values from four polarization components of the emission 

from individual NCs. Following established work to measure the transition dipole moment of 

single CdSe quantum dots, the experimental procedure is adopted and adjusted for measuring the 

transition dipole moment for defects in ZnO NCs.52 The defect emission is further split into two 

parallel beams by a set of three prisms. One of the beams is rotated by 45° with a polarization 

rotator.52 The parallel beams are then split further according to their polarization by using a 

polarization-displacement prism to yield the 0, 90, 45, and 135° polarization components of the 

emission for each NC.52 This splits the fluorescence light on four polarization components with 

45° shift in the orientation of the electric field vector.
48 In this case no emission analyzer rotation 

is needed, because having four orientations is enough to reconstruct the whole emission 
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polarization properties for given excitation polarization.48 Two polarization anisotropy values are 

defined by the 0 and 90° components and the 45 and 135° components, respectively.52 The time 

trace of anisotropy values then translates into a corresponding angular rotational time trace.52 The 

four polarization components (0, 90, 45, and 135°) of a single NC are projected onto an electron 

multiplying charge collection device (EMCCD) camera and fluorescence images are continuously 

acquired for further data analysis. A series of these images creates a time series of anisotropy 

values. The fluorescence intensity at different polarization angles will be extracted from the 

movies using a custom MATLAB script.  

To ensure stable imaging conditions, the ZnO NCs are embedded in a drop of Immersol 

oil, “sandwiched” between a quartz slide and a coverslip. This preparation method is necessary 

due to the instability of ZnO defect emission in air.14 While the assumption is made that the NCs 

adhere to the quartz slide and do not freely diffuse in the oil, some degree of rotational or 

translational motion may still occur. To minimize such motion, the ZnO NCs are spin-cast onto 

the quartz slide and subsequently annealed to enhance surface contact and reduce mobility. 

smFPM imaging is performed using a multi-channel detection scheme, where the original signal 

is split into four or more channels. This division inherently reduces the signal-to-noise ratio in each 

channel.48 To compensate, acquisition times are optimized to maximize signal collection while 

maintaining an acceptable noise level. To accurately quantify fluorescence anisotropy, careful 

background subtraction is performed to prevent artificially low values for the degree of 

polarization.52  TIRF excitation is employed to enhance the signal-to-noise ratio and minimize 

background interference. Additional measures, including extended acquisition times and rigorous 

background subtraction, are implemented to ensure accurate polarization measurements. Control 
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experiments using only the quartz slide are conducted to verify that background contributions do 

not artificially suppress polarization values. 

5.3.2 Expected Results 

The continuously acquired fluorescence images should capture the polarized fluorescence 

signal of each component (parallel and perpendicular) for a single NC and will be used to obtain 

polarization anisotropy values and show modulating intensities of the defect emission as defined 

by Eq. 5.1 above. The transition dipole from single NCs is shown by rotating the polarization 

displacement prism from 0 to 180° and the anisotropy values of the single ZnO NC are plotted to 

display a sinusoidal pattern over the rotated angles (Figure 5.5).52 The key result will depict 

fluorescence intensity from the imaging on the y axis as a function of polarization angle (θ) on the 

x axis.44,50,52–55 To relate the fluorescence intensity vs polarization angle result with the dipole 

moment, it is possible to fit the sinusoidal polarization trace result where the orientation of each 

dipole, d is determined by its polar and azimuthal components as shown in Figure 5.4b:  I(φex)=I 

[1+Mexcos(2[φex− θex])] where I is the average fluorescence intensity over φex, Mex is the 

modulation depth of fluorescence excitation, and θex is the fluorescence excitation modulation 

phase.48,54–56 Similarly, the polarization properties of fluorescence emission of an individual object 

can be determined by measuring the dependence between the fluorescence intensity of the object 

and the orientation angle of the emision analyzer, φem, while exciting with polarized light: I(φem)=I 

[1+Memcos(2[φem − θem])].48 Here, the modulation depths describe the degree of alignment of the 

transition dipole moments responsible for fluorescence excitation (Mex) or emission (Mem), and its 

values range from 0 to 1 for isotropic to uniaxial, respectively and θ represent the main orientation 

axis of the absorbing (θex) and emissive (θem) dipoles. Through fitting the fluorescence intensity 
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function of polarization angle (θ), φ is extracted and the absorbance and emission transition dipoles 

can be determined.                                                        

 

Figure 5.5. Example of a key result which will depict fluorescence intensity from the imaging procedure on the y axis 
as a function of polarization angle (θ) on the x axis. 

5.4 Future Directions to Demonstrate controlled directionality of an Emitted Photon based 

on the Orientation of the Transition Donor Dipole within an NC Crystal Lattice  

The efficiency of EnT is dependent on the relative orientations of the transition moments 

of the donor and acceptor.16,57,58 When the transition moments are aligned, EnT is optimized. If 

the defect donor transition dipole moment is known, it may be possible to control the energy flow 

from discrete locations on the donor to optimize EnT efficiency. Previous work showed that 

defects most likely lie on the surface of ZnO NCs.9 The exact location of where the defects actually 

exist on the surface has not been determined. Our hypothesis is that the transition donor defect 

dipole orientation factor exists at fixed sites on the surface of the NC donor, specifically on the 

facets of the NC. If true, EnT would be surface-facet dependent. Then, if NC/dye conjugates are 

synthesized such that an acceptor molecule is located on a specific facet location of the crystal 

lattice, defect mediated EnT can be maximized. We will test this hypothesis using ZnO samples 

with well-defined facets59,60 as shown in Figure 5.6 and utilize single molecule measurements 

coupled with transmission electron microscopy (TEM), which highlights how a single NC is 

sitting. ZnO NC/dye conjugates will be synthesized such that dye molecules can be molecularly 
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linked to highly faceted ZnO NCs. By monitoring dye molecules bound to ZnO NCs during 

induced defect-mediated EnT, we can uncover the position of defects on well-defined NC facets. 

This information is once again crucial for optimizing these EnT systems to improve the overall 

EnT efficiency.16,57,58 

 

Figure 5.6. TEM of ZnO NCs, depicting hexagonal wurtzite structure with defined facets. 

5.4.1 Experimental Methods 

Single molecule measurements will be performed following the above TIRF microscopy 

experimental design, while inducing defect-mediated EnT. The 355 nm excitation excites defects 

within the ZnO NC lattice, and if there is a dye acceptor nearby (<10 nm), the dye will emit. 

AlexaFluor 555 (A555) dye molecules are chosen due to the dye absorption (max = 556 nm) having 

a strong overlap with the defect PL of ZnO. Photons emitted from the sample are collected through 

the objective, passed through a long-pass filter (cutoff wavelength of 440 nm) in the filter cube of 

the microscope, and then directed to an image splitter, which uses a dichroic mirror (cutoff 

wavelength of 550 nm) to split the photon stream into two channels defined by the bandpass filters 

used for each channel. One bandpass filter is chosen to match the emission signal from the A555 

dye molecules (585/40 bandpass). This channel represents the “dye channel”. The second bandpass 

filter was chosen to match the defect emission from ZnO only (490/60 bandpass), forming the 

“defect channel”. The two channels are projected onto an EMCCD camera operated to produce a 
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single image, split vertically. The intensity trajectories of single ZnO NCs and dye molecules from 

the image stacks, or movies, are extracted using a detailed image analysis algorithm in Matlab. 

To achieve an adequate experimental signal-to-noise ratio, photons need to be detected 

before the photobleaching of the dye molecule. To overcome this, a dye with a sufficiently long 

lifetime and high PL quantum yield must be chosen.20 Additionally, the verification of where the 

dye is bound to the ZnO will be a challenge. If we see high PL coming from the dye channel, it 

must be verified that this is due to EnT from a localized defect in ZnO. To ensure this, control 

experiments can be performed with little defect PL from the ZnO and/or control experiments where 

dye molecules are not bound to a specific facet. This will ensure that the EnT that is observed is 

due to controlled energy flow from defects on ZnO facets to single dye molecules.  

5.4.2 Expected Results 

A fluorescent molecule has the greatest probability of absorption when its absorption 

transition dipole moment orientation is parallel to the direction of polarized light.41,46 Fluorophores 

absorb light with a probability proportional to the square of the dot product of the local optical 

electric field and the molecular transition dipole moment.22,44,48 Thus, when a dye binds in a 

defined orientation it emits highly polarized anisotropic fluorescence.44 Through defect-mediated 

EnT, if the emitted light from the defect center of the donor can be aligned with the absorbance of 

the acceptor, the absorption transition moment of the fluorophore is aligned with the direction of 

polarization of the incoming light and the chance of the fluorophore being excited is a maximum, 

and thus the emitted intensity from the fluorophore will be large.22 On the other hand, when the 

orientation of the fluorophore is perpendicular to the polarization of the excitation light, the 

fluorophore will not be excited, and the re-emitted intensity will be zero.22 If the defect donor 



 117 

dipole is oriented along a specific facet where a dye molecule is located, then defect-mediated EnT 

efficiency will be maximized as highlighted by the dye fluorescing in the dye channel.    

5.5 Conclusion and Outlook  

This chapter outlines the methods used to measure defect donor dipole orientation and 

explores strategies for controlling light polarization in NC/dye conjugate systems. Understanding 

and controlling the orientation of defect donor transition dipoles is critical for optimizing EnT in 

nanocrystal (NC)-based systems. This chapter explores two key questions: (1) Can the defect 

donor transition dipole orientation factor be measured? and (2) Can the directionality of emitted 

photons be controlled based on the orientation of the transition donor dipole to enhance defect-

mediated EnT efficiency? Addressing these questions provides fundamental insights into FRET 

mechanisms in semiconductor NCs and enables rational design of donor-acceptor systems where 

EnT is optimized. 

Optimizing EnT is essential for the performance of light harvesting devices37 and quantum 

sensing applications.29,31–33 In addition to improving the FRET efficiency, controlling the transition 

dipole orientation would be a significant advantage in improving optoelectronic devices.35,61 For 

example, the external quantum efficiency of LEDs can be improved if emissive molecules are 

oriented such that their transition dipole moment is parallel to the surface plane.62–64 Additionally, 

accurate measurements of defect dipole orientation in ZnO NCs will advance scientific 

understanding of how donor dipole orientation influences FRET efficiency and directional 

emission.57 

Beyond measuring dipole orientations, this research will investigate the ability to control 

the orientation of the defect donor transition dipole moment relative to the NC crystal facets. By 

combining single molecule measurements with TEM, it is possible to determine the orientation of 
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defect dipoles and apply this knowledge to the rational design of donor-acceptor systems for 

improved EnT efficiency. This approach enables the development of intrinsically directional light 

emitters, which are crucial for photonic applications38,62, including lasing and energy-efficient 

display technologies.30 These findings provide a foundation for designing EnT systems with higher 

efficiency and directionally controlled EnT 57,58, with implications for quantum sensing29,31–33 and 

other advanced photonic applications. 
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CHAPTER 6: MODELS AND MEASUREMENTS QUANTIFY PHOTON RECYCLING, 

CHARGE CARRIER DIFFUSION, AND PHOTON SCATTERING CONTRIBUTIONS TO 

PHOTOLUMINESCENCE IN InP NANOWIRE ARRAYS5

 

 
 

6.1 Overview 

Nanowire arrays present many unique advantages for solar-to-chemical energy conversion. 

One possible advantage is photon recycling between neighboring nanowires has the potential to 

increase solar energy conversion efficiencies. Here we explore three underlying mechanisms of 

optical and electronic coupling between neighboring nanowires— incident photon scattering, 

photon recycling, and charge-carrier transport from the photo-excited nanowire to the neighboring 

nanowire via the underlying substrate— using single nanowire-level microscopy and spectroscopy 

measurements. We present a comprehensive analysis of light absorption and emission of a single 

nanowire at open circuit, and subsequent re-absorption and re-emission by a neighboring 

nanowire. We developed a novel correlated single nanowire microspectroscopy and widefield 

imaging methodology to spatially resolve photon communication pathways between neighboring 

nanowires and selectively image re-emitted and reflected photons. Unique multiphysics models 

have been developed to couple wave optics and semiconductor photophysics to especially isolate 

contributions from photon recycling and electronic transport to photon emission from neighboring 

nanowires. By systematically varying the morphologies of the nanowires modeled, we identified 

 
5Reproduced with permissions from Lustig, D., Chen, F., Zhang, W., Bird, O., J., Fajardo Jr. Ardo, S., Talin, A., 
Dukovic, G., Hu, S., Bala Chandran, R., and Sambur, J., Models and Single Nanowire Measurements Quantify Photon 
Scattering, Recycling, and Diffusion in InP Nanowire Arrays. Journal of Physical Chemistry, C: 2025, 129 (17), 8270–
8283. Copyright 2025, American Chemical Society. 
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pathways to maximize photon recycling between neighboring nanowires. We conclude that the 

measured photoluminescence is more strongly influenced by the diffusion of charge carriers as 

compared to photon recycling in materials with moderate-to-large charge-carrier mobilities (> 10 

cm2 V-1 s-1), and that photon recycling dictates photoluminescence intensity only when the charge-

carrier mobility is low (< 1 cm2 V-1 s-1).  The experimental and simulation platforms developed 

herein for photon management strategies can be leveraged by the semiconductor photocatalysis 

community to enhance solar-to-chemical conversion efficiencies in semiconductor nanowire 

arrays. 

 

Figure 6.1. Chapter 5 overview: cartoon illustration of photon recycling in an InP NW array under illumination and 
COMSOL simulations predicting generation rate and total carrier generation rate.  

6.2 Introduction 

Photon recycling in light-absorbing materials is an iterative process of multiple re-

absorption and re-emission events of photons emitted within the excited material due to radiative 

recombination.1–5 In the solar energy conversion community, this photon recycling effect is a 

promising strategy to enhance energy conversion efficiency by increasing the fraction of incident 

photons that are used to perform useful work. Photon recycling has been previously reported to 

enhance the photoluminescence (PL) of perovskite films4,6–19 and to improve the voltage 

characteristics of photovoltaics (PVs).2,4,6,7,9,11,20,21 Additionally, recent simulations based on 

idealized photodiode models have shown that photon recycling can significantly enhance the 
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efficiency of solar fuels generation, especially when considering a stacked array of optically thin 

planar slabs.22,23  

However, there is limited mechanistic understanding of the combined influences of photon 

recycling, incident light scattering, and re-emission following spatial diffusion of charge-carriers 

in nanostructured semiconductor materials for photoelectrochemical solar energy conversion 

applications. In particular, semiconductor nanowire (NW) arrays are promising photoelectrode 

architectures for solar fuels production because their long lengths maximize light absorption and 

their thin widths minimize carrier transport distances to the solid-liquid interface.24–30  However, 

their feature sizes are comparable to wavelengths, which requires a rigorous method for treating 

light as an electromagnetic wave in order to understand photon recycling effects in these systems.6 

Here we chose to study III-V indium phosphide (InP) NW arrays because III-V semiconductor-

based devices achieve >19% solar-to-hydrogen (STH) efficiency31, their optical and electronic 

properties are tunable via composition and morphology modifications,32 and the fixed 2D system 

allows us to image in real space light re-absorption and re-emission between NWs, which would 

otherwise be difficult in freely diffusing colloidal nanoparticle samples. Specifically, our objective 

is to: (a) quantify how much photon recycling contributes to radiative emission enhancement in 

NW arrays, and (b) project its effects on photocatalytic/photoelectrochemical performance. 

In previous modeling efforts, the complexity of analytically solving carrier dynamics in 

nanostructures has led to significant work on PL emission modeling in NWs using Poisson’s 

equation, drift-diffusion equations, and charge conservation principles.33–35 Those models enable 

flexible tuning of various geometric and material properties, including carrier mobility, radiative 

recombination factor, and surface recombination velocity. Modeling of photon recycling, coupled 

with carrier dynamics, has been widely applied in photovoltaic devices, primarily relying on ray-
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optical approximations.36,37 Photon recycling treatments beyond the ray-optical approach are 

generally limited to optical estimates of open-circuit voltage enhancement using detailed-balance 

approaches11,38 or rigorous solutions of Maxwell’s equations within the dipole picture.6,13,39 

Additionally, most rigorous photon recycling models focus on morphologies like thin films3,40 or 

individual NWs,41–43 with few studies exploring multiple NWs and NW arrays. From the 

experimental measurement standpoint, ensemble-level PL measurements are typically used to 

characterize photon recycling in nanostructured systems.44,45 However, ensemble-level 

measurements of semiconductor nanomaterial samples report on the average behavior of a 

heterogenous material system differing in nanomaterial size, shape, composition, and surface 

chemistry. Experiments that spatially resolve the photon recycling process between adjacent 

nanostructures are critical to understand how heterogeneous materials chemistry impacts the 

photon recycling process between two entities in the sample batch. Hence, there is a critical need 

to develop single particle-level experimental approaches that avoid ensemble-level average effects 

and compliment those results with a comprehensive model that combines wave-optics calculations 

with carrier dynamics to evaluate the impact of photon recycling on the energy conversion 

efficiency of NW-based photocatalytic systems. 

Scheme 6.1 illustrates the fundamental optical processes in a semiconductor NW array 

system following initial photoexcitation at open circuit: charge carrier generation, charge carrier 

recombination, photon scattering from NW surfaces, and photon emission, with a focus on the 

interplay between light absorption and scattering. In Case 1, radiative recombination occurs 

without photon-mediated inter-NW communication. An initial above-bandgap photon excites a 

NW (gray circle in Scheme 6.1). Subsequently, a photogenerated electron-hole pair can recombine 

either radiatively to emit a photon or non-radiatively. We assume the dominant decay pathway for 
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charge-carriers in these materials is radiative recombination (yellow arrow in Scheme 6.1), as will 

be discussed below. Case 2 is an extension of Case 1, where an emitted photon is sequentially re-

absorbed and re-emitted by neighboring NWs via a process termed photon recycling. Case 3 

incorporates photon scattering from the central NW instead of initial photon absorption by the 

central NW, resulting in additional pathways for photons to travel within the NW array as an 

alternative process for photon-mediated inter-NW communication. In this work, we deconvolute 

the photophysical processes as shown in Scheme 6.1 by measuring, in a spatially resolved way, 

photons emitted from the NW array via PL versus photon scattering from NW surfaces. Our 

modeling efforts aim to predict the impact of NW morphology on key parameters such as 

absorption, light trapping, and photon recycling probabilities as highlighted in Scheme 6.1. This 

comprehensive approach allows us to identify the most promising design strategies for NW-based 

PEC systems with enhanced hydrogen production capabilities.  

 

Scheme 6.1. Photophysical processes occurring in an ensemble of high-quality III-V NW arrays after initial excitation 
of the sample. Case 1, 2, and 3 represent experimentally observable scenarios via widefield imaging. In Case 1, a 
central NW absorbs a photon and undergoes radiative recombination. In widefield imaging experiments, the emitted 
photon results in PL signal. In Case 2, the central NW absorbs a photon and undergoes radiative emission. A 
neighboring NW absorbs the emitted photon from the central NW. Finally, the neighboring NW undergoes radiative 
emission. In Case 3, photon scattering occurs on the central NW surface. The neighboring NW absorbs the scattered 
photon and then undergoes radiative recombination. The key distinction between Case 2 and Case 3 is that PL from 
the central NW excites the neighboring NW in Case 2 whereas the incident illumination source excites the neighboring 
NW in Case 3. 
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In addition to photon recycling, carrier diffusion plays a pivotal role in governing energy 

transport within NW arrays.16,46 Deconvoluting the contributions of charge-carrier diffusion and 

photon recycling remains challenging and has led to contradictory findings regarding the dominant 

energy transport mechanism in perovskite systems.42,46–50 Resolving this ambiguity is essential to 

guide further optimization of materials and device designs. Therefore, a quantitative study on the 

carrier mobility comparing with the spatial PL signal will help us obtain a deep understanding of 

the deconvolution of different transport mechanisms. 

Here, we use optical simulations and develop novel single NW-level widefield imaging 

experiments to quantify photon recycling and scattering between adjacent NWs in a NW array. 

Photon absorption, scattering, and recombination events are modeled to complement and improve 

interpretation of experimental data. The use of two modeling and simulation approaches is 

powerful. Monte Carlo (MC) rapidly captures discrete effects resulting from a photon's particle-

like properties, while more computationally expensive finite element analysis captures additional 

effects resulting from a photon's wave-like properties. These models are necessary to deconvolute 

the contributions in the measured, spatially-resolved PL spectra due to: (i) photon recycling events 

– i.e., repetitive re-absorption and emission of photons; (ii) charge-carrier transport via diffusion 

and migration, and (iii) recombination of charge-carriers that were originally generated due to 

absorption of the scattered incident light.  To this end, we develop and compare the performance 

and efficacy of two distinct modeling methods – a multiphysics model that couples wave optics 

and semiconductor photophysics and the other being a statistical, MC ray tracing simulations (we 

provide the community with the code used to carry out the calculations). The former approach 

provides rigorous capabilities to especially simulate nanoscale features especially when the 

characteristic length scale becomes comparable to wavelength, and can incorporate more attributes 
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of the samples tested, including the influences of the substrate and charge-carrier transport. The 

latter is computationally tractable and excels in providing fast predictions based on simplifying 

assumptions. The simulations provide key insights into why the PL and reflection ratios from the 

neighboring NW relative to the central photo-excited NW scale with inter-NW distance, diameter, 

and height. This study demonstrates that photon recycling can be utilized in NW array 

photoelectrodes to enhance net carrier generation rates, which holds promise for boosting solar 

energy conversion efficiency.  

6.3 Experimental & Theoretical Methods        

6.3.1 Sample preparation 

Gallium nitride (GaN)-coated InP NW arrays were synthesized via a reactive ion etching 

process on patterned single crystal n-InP substrates (AXT, Inc., S doped, carrier concentration 2-

6 ×1016/cm3, crystal orientation (100 ± 0.5°). Figure D1 summarizes the NW array synthesis 

workflow, and Appendix D Section D1 contains detailed surface cleaning, sample preparation and 

handling, as well as characterization procedures. Briefly, a negative electron beam resist (DisChem 

HSi-Q) was spin-coated onto a pre-treated n-InP wafer. Next, NW array patterns were transferred 

onto the wafer using a Raith EBPG 5200+ electron beam lithography system. The pattern is then 

etched into the InP substrate via a chlorine-based Reactive Ion Etching (RIE) process51 by Oxford 

PlasmaPro 100 Cobra ICP-RIE system. InP surfaces form a surface oxide layer under ambient 

conditions. In-O and P-O bonds introduce defect states in the electronic structure of InP and serve 

as surface recombination sites for photo-generated electron-hole pairs. A 5-nm thick atomic layer 

deposition (ALD)-grown GaN layer effectively coats the entire InP surface and minimizes surface 

oxide layer formation.52 An 8-nm thick GaN passivation layer was deposited onto the NW array 
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pattern by using a Ultratech Fiji G2 ALD system using trimethylgallium (TMGa, Strem Chemicals, 

99.9999%-Ga) and nitrogen plasma as the Ga and N sources, respectively.    

6.3.2 Electron Microscopy and Raman/PL Spectroscopy Characterization   

 Correlated ex situ scanning electron microscopy (SEM) experiments were performed after 

optical microspectroscopy experiments. SEM images were collected on a JEOL JSM-6500 Field 

emission scanning electron microscope (FE-SEM)  at an accelerating voltage of 15 keV and a 

working distance of 10 mm. Figure D2 shows representative SEM images of all the samples used 

in this study, taken on a Hitachi FE-SEM (SU8230) at an accelerating voltage of 10 keV. Raman 

and PL spectroscopic measurements were performed using an optical fiber-coupled Raman/PL 

microscope system coupled with a spectrometer (Horiba, iHR550) on an Olympus IX73 inverted 

optical microscope. Raman and PL signals were collected in a backscatter geometry by passing 

the photons through a spectrometer (1200 gr/mm) to a Synapse back-illuminated deep depletion 

charge-coupled device (CCD) detector. For Raman microspectroscopy measurements as shown in 

Figure D3a, a 20× air objective (Olympus UPlanFL N20×) focused a 40 mW 532 nm laser source 

(Horiba, Ondax THz) onto a 3.8 𝜇m-diameter spot of the sample. The system was calibrated using 

the Stokes and anti-Stokes shift of a Si wafer, occurring at 521 and –521 cm–1, respectively. For 

PL microspectroscopy measurements as shown in Figure D3b, a 100× air objective (Olympus 

PlanFL N100×) focused the same 40 mW 532 nm laser source onto a 1.2 𝜇m-diameter spot of the 

sample.  

6.3.3 Reflectance and Absorptance Characterization 

Reflectance measurements were taken using a PerkinElmer Lambda 1050+ Spectrometer 

with a 150mm Integrating Sphere. A post-mountable standard iris (Thorlabs IDA20) and an EFL 

of 150.0 mm S-LAH64 Aspheric lenses were used to focus the incident light onto a 2 mm spot of 



 132 

the sample shown in Figure D2b. The diffuse and total reflectivity measurements are shown in 

Figure D4. Absorptance data was calculated from the total reflectance using the assumption that 

there is no transmittance through the InP sample.  

6.3.4 Spatially and Temporally Correlated PL Microspectroscopy and Widefield PL Imaging 

The NW array samples were mounted on the motorized XY stage (Märzhäuser-Wetzlar 

TANGO) of an Olympus IX73 inverted optical microscope. A 0.3 mW, 415 nm laser (Oxxius, 

LBX-415–120-CSB-PPA) was directed through the back port of the microscope, reflected by a 

414 nm dichroic mirror (Edmund Optics, 86330) in the filter cube, and aligned on the back aperture 

of a 100× objective, yielding a 0.49 μm-diameter laser spot, corresponding to a laser power density 

of 159 kW/cm2. In a typical experiment, we raster the 415 nm laser across the NW array sample 

in 0.5 μm steps and collect data for 1 s at each pixel. The emission signal from the sample, which 

includes reflected light at the same wavelength as the incident laser and PL emission centered at 

900 nm, was collected in a backscatter geometry via the microscope objective. A 50/50 beam 

splitter positioned below the objective directed half the emission signal to a spectrometer and the 

other half to a Hamamatsu Gemini W-view image splitter attached to a scientific complementary 

metal-oxide semiconductor (sCMOS, Teledyne Prime 95B) camera with 1200 × 1200 pixels. The 

image splitter produces two 1200 × 600 pixel images; the “PL image” is produced by passing 

photons through a 900/50 bandpass filter (corresponding to the peak emission from InP NWs) and 

the “reflection image” is produced using only a neutral density filter (Thor Labs, NE20B). Note, 

the number of reflected photons from the sample exceeds the PL photons by several orders of 

magnitude. Widefield PL and reflection images were continuously acquired at a 50 ms exposure 

time while the spectral data was acquired for a total time of 1 s. A data acquisition card (DATAQ 

DI-4108) synchronized each widefield image acquisition with the corresponding PL spectrum and 
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stage position. Appendix D Sections D3 (Figure D5-D11) and D4 (Figure D12 -D13) describe the 

detailed data processing and image analysis procedures, including the optical-to-SEM overlay 

procedure that quantitatively overlays optical imaging coordinates onto SEM Images. Widefield 

imaging control experiments are described in Appendix D Section D5 (Figure D14).  

6.3.5 Geometric Predictions of Re-absorption Probability 

To calculate the geometric probability of photon recycling, we first consider that a photon 

must be emitted from the first wire at a solid angle which will intersect the second wire. Appendix 

D Section D6 (Figure D15-D16) provides complete details and equations for the re-absorption 

probability calculations. Briefly, this approximation treats photons as infinitely small particles 

which travel in straight lines. Additionally, the intent is to provide a geometric upper limit on 

photon recycling and thus it is assumed that the PLQY = 100% and that all photons which “impact” 

a wire will be absorbed.  

6.3.6 MC simulations 

A MC simulation was developed to investigate photon recycling and reflection in the NW 

array.52 Appendix D Section D7 (Figure D17-D18) provides complete simulation details. Briefly, 

the simulation model consisted of two identical NWs. One NW is subjected to continuous 

excitation and the other NW only receives light via PL or reflection from the first wire. The 

probability of photon re-absorption by PL or reflected photons was calculated using the geometric 

predictions described above, but also accounting for the reflectivity of the sample, Beer’s law 

absorption, and PL quantum yield (PLQY). This model was focused on photon communication 

between wires and thus did not model the bulk substrate.  
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6.3.7 Continuum-Level Modeling Domain and Assumptions 

Finite-element continuum-level modeling was performed in COMSOL Multiphysics. A 

stationary, two-dimensional (2D), continuum model was developed to simulate absorption of 

incident photons, re-absorption of emitted photons, and charge-carrier generation, recombination 

and transport in InP NWs. Figure 6.2 shows the modeling domain with three NWs, where the 

photon flux from the laser source is incident on the central NW. This is a reasonable choice as 

compared to modeling a periodic structure, because: (a) the experimentally fabricated samples 

have a random distribution of the NWs, and the (b) predictions for photon recycling probabilities 

with one neighboring NW on either side of the illuminated wire are not that different from the 

cases that considered two neighbors on either side. We find that the impact from the second 

neighboring wire is not big, and the ratio of the re-absorption probability between the second 

neighboring wire and the first neighboring wire is below 0.1 in most cases, as long as the nearest 

neighbor distance is larger than 0.7 μm, and the diameter is larger than 0.5 μm (Figure D15). While 

the fabricated samples have a 500 μm thick substrate, the model considers the substrate thickness 

to be 50 μm thick. This is done to speed-up the simulation time without impacting the results 

(Figure D16 shows less than 0.2% deviation in predictions for the re-absorption probability and 

the recombination rate in the neighboring wire). The baseline geometric parameters for the NW 

array are selected in Table 5.1 based on the experimentally fabricated samples with a diameter, D 

= 0.5 μm, height, h = 2 μm, and an average nearest neighbor distance, i.e., center-center distance, 𝑑 = 1.3 μm between the wires varying in the range of 0.55 μm to 3.2 μm based on the distance 

distribution of the pseudo-random NW sample. The diameter and the height of the NWs were 

varied over a wide range to study the influences of the NW morphology on the overall absorptance, 

and additionally the influences of the different underlying mechanisms on photon recycling. The 
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lower and upper limits for the diameter (0.05 – 1.4 μm) and the height (0.4 – 2 μm) were selected 

so that these ranges are enough to predict the morphological effect on the optical process and 

indicate optimal NW structure for efficient hydrogen production.  

This multiphysics model simultaneously solves for the electromagnetic field due to both 

the incident photon flux and the emitted photons due to recombination, the charge-carrier (electron 

and hole) concentrations, and the electrostatic potential in the semiconductor. Specific 

assumptions, governing equations and boundary conditions corresponding to each of these 

variables are discussed in Appendix D Section D8. All these transport equations are numerically 

discretized using finite element techniques and solved in COMSOL Multiphysics 6.1 by modifying 

inputs and adapting functionalities of two existing modules – (1) Electromagnetic Waves, 

Frequency Domain and (2) Semiconductor. 

 We opted for 2D modeling instead of 3D simulations primarily due to computational 

tractability, given the extensive parametric nature of this study. Our analysis involved over 34 

simulation cases to examine the effects of carrier mobilities, geometric parameters, surface 

recombination velocity, and other factors. Performing all these simulations in 3D would be 

computationally prohibitive. Importantly, the key focus of our work is to analyze trends and 2D 

modeling offers sufficient accuracy for this purpose. To address concerns about potential 

discrepancies between 2D and 3D approximations, we performed simulations for a specific case 

using a 3D model and compared those results to the 2D model. The 3D results in Figure D19 show 

that the predicted PL ratio deviated by only 10% from the corresponding 2D results, confirming 

the validity of our approach. For the sake of simplicity, spatial-dependent mobility and different 

doping profiles are not taken into account. Our interpretations are limited by considering mobilities 

to be homogeneous throughout the sample, which may not be the case in nanostructured samples. 
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Figure 6.2. Schematic of the modeling domain with three InP NWs emerging from an InP substrate. The model 
considers: (a) a 415 nm laser illuminating a central NW, inducing an incident electromagnetic field. Dipoles are 
displayed vertically to characterize photon re-emission and re-absorption at 900 nm. The re-emitted photons can be 
absorbed in the NWs, the substrate, or escape from the nanostructure. (b) semiconductor physics includes charge 
conservation through the Poisson’s equation, and the drift-diffusion equation for carrier transport, generation and 
recombination. 

Table 6.1 Baseline values and ranges of parameters for the modeling parameters, including material properties and 
morphology. 

Parameters, Symbol (Units) Baseline case Range 

Absorption coefficient, α (m-1) 2.8×106  2.8×106, 8.4×106, 14×106 

Electron mobility, μe (cm2/(Vs))  3  10-4-5400 

Hole mobility, μh (cm2/(Vs)) 0.3  10-4-200 

Radiative recombination rate, B (cm3/s) 1.2×10-10  0.6×10-10, 1×10-10, 1.4×10-10, 2×10-10 

Surface recombination velocity, vs (cm/s) 0  0, 102, 103, 104, 105, 106 

Nearest neighbor distance, d (μm) 1.3  0.55-3.2 

Diameter, D (μm) 0.5 0.05-1.4 

Height, h (μm) 2 0.4-2 

6.4 Results and Discussion 

Optical simulations predict spatial profiles of charge-carrier generation and recombination 

rates, and their concentrations, by simultaneously solving the governing transport equations Eq. 
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D6, D18, D22, D25-27. At any spatial location, the recombination rate, which is related to the 

measured PL, is dictated by the excess concentration of charge-carriers (electrons and holes) 

relative to their intrinsic concentration. These local charge-carrier concentrations are influenced 

by many factors including the generation of charge-carriers due to: (a) absorption of the incident 

photon flux, and (b) re-absorption of the radiatively emitted photons from neighboring NWs, i.e., 

photon recycling, and (c) transport of charge-carriers via diffusion and migration from one location 

to another. In the absence of an electric field, migration effects are not significant in this study.  

Because multiple factors contribute to the spatially resolved PL measurements, our model 

predictions help to deconvolute these effects. Figure 6.3 shows the spatial profiles of the predicted 

charge-carrier generation and recombination rates, and their concentrations, for 0.5 µm-wide and 

2 µm-tall NWs separated by 0.7 µm (Figure 6.3a – d) and 1.3 µm (Figure 6.3e – h), respectively. 

More than 90% of the incident light is absorbed within 60 nm from the top surface of the central 

NW, consistent with the modeled absorption coefficient of 3.8×107 m-1 for InP at 415 nm. 

Therefore, the generation rate from the incident photon flux predominantly occurs within the 

central NW (Figure 6.3a,e), and there is very little generation of charge-carriers in the neighboring 

wires due to scattering of the incident light. Changing to a longer incident wavelength will produce 

a more homogenous carrier generation profile, further impacting the recombination profile. Thus, 

the modeling results are specific to the incident wavelength of the light source. In contrast, the 

total generation rate (Figure 6.3b,f) that includes both the re-absorption of incident and the 

radiatively emitted photons occurs both in the central and the neighboring NWs. Notably, the total 

generation rate, recombination rate (Figure 6.3c,g) and the charge-carrier concentrations (Figure 

6.3d,h) are all more spatially evenly distributed than the exponential decay in the generation rate 

along the height of the NW from the incident flux alone. For the baseline morphology and modeled 
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parameters in Table 6.1, photon recycling and charge-carrier diffusion contributes to the majority 

(>99%) of the recombination rate in the neighboring wire, and 30% in the central wire. With all 

else being the same, increasing the spacing between the neighboring NWs from 0.7 μm to 1.3 μm 

led to around an 11% reduction respectively in the generation rates and the recombination rates. 

However, there is a slightly larger amount of generation within the substrate due to increased 

scattering of the incident light. 

     

Figure 6.3. 2D profiles predicted for 0.5 μm-wide and 2 μm-tall NWs separated by (a-d) 0.7 μm and (e-h) 1.3 μm for 
the (a) volumetric charge-carrier generation rate (m-3 s-1) from the incident photon flux, (b) volumetric total generation 
rate (m-3 s-1) due to both the incident photon flux and the re-absorption of radiatively emitted photons, (c) total 
recombination rate (m-3 s-1) and (d) electron concentrations (m-3). Table 6.1 provides the baseline values for pertinent 
material parameters used in COMSOL simulations including charge-carrier mobilities of 3 cm2/Vs for electrons and 
0.3 cm2/Vs for holes. Even though the modeled substrate modeled is 50 μm in height, we only depict a 2 μm portion 
to reveal spatial profiles within the NWs more clearly. 

To explicitly determine contributions to the emission in the neighboring NW, we ran 

simulations in Figure 6.4 for a fixed NW morphology with baseline parameters (diameter = 0.5 

μm, height = 2 μm, nearest neighbor distance = 1.3 μm), and as a function of charge-carrier 

mobilities ranging from 10-4 – 102 cm2 V-1 s-1. Additionally, for each of these mobility values, we 

performed calculations with and without photon recycling in the model. These results provide 
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critical insights on how the relative contributions from photon recycling, charge-carrier diffusion 

and the incident flux drastically change with charge-carrier mobility. 

For mobility values as small as 10-4 cm2 V-1 s-1 it is reasonable to expect that charge-carrier 

diffusion contribution to radiative recombination (emission) in the neighboring wires will be very 

small. Therefore, the results for emission obtained with a small mobility value (10-4 cm2 V-1 s-1), 

and without photon recycling isolates contributions to emission from the incident and the scattered 

photon flux. And at a fixed mobility, contributions to emission from photon recycling can be 

obtained by comparing results with and without photon recycling. The remaining contribution is 

due to spatial diffusion of charge-carriers. For simplicity, in the calculations resulting in Figure 

6.4 and Figure D20, we assumed equal mobilities for both electrons and holes as a simplification 

and to make comparisons more streamlined across different cases.  

Figure 6.4 shows that while photon recycling is the dominant mechanism contributing to 

emission in the neighboring NW when the mobility values are smaller than 10-1 cm2 V-1 s-1, it 

quickly gets overshadowed by diffusion (>9 when charge-carrier mobility becomes larger than 10 

cm2 V-1 s-1. For context, InP as a bulk material has reported hole mobilities of ~200 cm2 V-1 s-1 12, 

and our electron beam induced current measurements (Supporting Information Section D9)  point 

towards NW sample hole mobilities in the range of 35 – 55 cm2 V-1 s-1.53  Based on these bulk and 

the measured mobility values for InP, we expect the contribution from diffusion to far exceed 

photon recycling. Counterintuitively, the fractional contribution from the incident and scattered 

photon flux appears to increase with mobility. This is because more of charge-carriers generated 

within the central NW are re-absorbed and emitted from the substrate as compared to the 

neighboring NW (Figure D20), which then reduces the total rate of recombination in the 

neighboring NW, which lowers the denominator in the fractional emission contribution 
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calculations. Figure D20 also reveals how the fractional contribution from photon recycling to 

emission in the illuminated central NW decreases 10-fold when mobility increases from 10-4 to 

100 cm2 V-1 s-1. Overall, these results show that charge-carrier diffusion can be a central and a 

dominating cause of emission in the neighboring NW, in addition to photon recycling, subject to 

the charge-carrier mobility values of the actual sample. Therefore, we perform extensive testing 

on the influences of mobility over a wide range (Table 6.1) to especially draw comparisons against 

measurements.  

 

Figure 6.4. Fractional contribution to emission in the neighboring wire from the incident photon flux, carrier diffusion, 
and photon recycling. The simulation is based on a fixed NW morphology with baseline parameters (diameter = 0.5 
μm, height = 2 μm, nearest neighbor distance = 1.3 μm). Equal mobilities are assumed for electrons and holes in a 
range from 10-4 – 102 cm2 V-1 s-1. 

Our imaging experiments aim to spatially resolve photons emitted from the neighboring 

NWs. Because it is challenging to compare absolute computational values against experimental 

measurements, we instead compare normalized quantities. In this work, the normalized quantity is 

defined as the “PL ratio”, which quantifies the ratio of the rate of photons emitted from the 

neighboring NW to the rate of photons emitted from the central NW at 920 nm. Whereas the 

reflection intensity ratio refers to the photons reflected by the neighboring wire as compared to the 

central NW at 415 nm. We can estimate a total surface-integrated recombination rate for the central 
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(Rcen) and the neighboring NW (Rnei) by integrating the corresponding spatial profiles of the 

volumetric recombination rates, Rrad obtained in Figure 6.3.  

𝑅cen nei⁄ = ∬ 𝑅rad 𝑑𝑆, 

The PL ratio from model predictions can be computed as 
𝑅nei𝑅cen, and this is compared against 

the measured PL intensity ratios at any location. We performed single NW-level microscopy and 

spectroscopy measurements to quantify the PL and reflection intensity ratios calculated above. The 

central hypothesis of our experimental approach is that widefield PL microscopy can spatially 

resolve the photon recycling process between two adjacent semiconductor nanostructures. To test 

this hypothesis, we designed an experiment that excites a single nanorod with a focused 415 nm 

laser beam and spatially and spectroscopically detects photons emitted from neighboring nanorods 

using widefield PL imaging and PL microspectroscopy. Figure 6.5a shows a schematic illustration 

of the correlated microspectroscopy and widefield imaging experimental setup. In a typical 

experiment, we mount the GaN-coated InP NW array sample on the stage of an inverted optical 

microscope and identify a 20×20 μm2 area of interest using optical reflection microscopy (Figure 

D5). We selected GaN-coated InP NWs to study the photon recycling effect due to the predicted ≈50% PL quantum efficiency without surface passivation54 and ≈75% PL quantum efficiency 

with surface passivation55, which ensures that radiative recombination is the primary charge 

recombination mechanism in the semiconductor—a crucial factor for efficient photon recycling.4 

Supporting Information Section D2 describes the PLQY measurement used in this study. Next, a 

415 nm laser beam excites an 0.19 𝜇m2 area of the sample using a 490 nm-diameter laser spot. The 

same microscope objective used to achieve the focused illumination also collects photons emitted 

or reflected from the sample in a backscatter geometry. We direct the collected photons to both a 



 142 

spectrometer that measures PL spectra of InP NWs (Figure 6.5a-top) and an image splitter that 

filters the photon stream and produces two distinct PL and reflection widefield images on a 

sCMOS camera (Figure 6.5a-right; see Methods for details). 

 

Figure 6.5. (a) Microspectroscopy and widefield imaging experimental setup. A 0.3 mW, 415 nm laser excites a 490 
nm-diameter circular spot of the sample. A 100× air objective collects all photons emitted and reflected from the 
sample. A 50/50 beam splitter directs half the photons to an image splitter for widefield PL imaging and the other half 
to a spectrometer for microspectroscopy measurements. A motorized stage moves the sample in 0.5 µm steps during 
mapping experiments. The blue dashed box in the PL spectrum (top) indicates the bandpass filter placed in the image 
splitter. (b) SEM image of the GaN-coated InP NWs grown on an InP substrate. (c) same as (b), but with 15° tilt. (d) 
Widefield PL image upon exciting the substrate, as indicated by the green circle in (b,c). The inset shows a zoomed-
in view of the region in (b). (e) Widefield PL image upon exciting a single NW, as indicated by the blue circle in (b,c). 
The inset shows a zoomed-in view of the SEM image region, where the blue circle indicates the laser excitation spot, 
and the red circle indicates the centroid location of the nearest NW. The blue and red boxes in (e) indicate the 5-by-
5-pixel regions used for pixel intensity integration. The black line in (e) represents the computed nearest neighbor 
distance vector between the origin and neighboring NWs. (f)-(g) 3D intensity profiles of the widefield PL images in 
(d) and (e), respectively. 

Figure 6.5 qualitatively shows how widefield PL images change upon exciting single NWs 

in the NW array sample. Figure 6.5b-c shows a representative SEM image of the NW array sample 

region. We chose to study a pseudo-random NW array pattern with a built-in heterogeneous 

distribution of NW-NW separation distances (d, ranging from 0.5-3 µm) because this morphology 

mimics that of a heterogeneous semiconductor photocatalysis reactor and allows us to amass single 

particle-level statistics from a single imaging experiment. Figure 6.5d,f shows 2D and 3D 

representations of a representative PL image upon exciting the InP substrate with a focused laser 

beam. Expectedly, a single Gaussian-like peak appears in the widefield PL image because photo-
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excited carriers created within the sample volume beneath the Gaussian-like laser spot on the 

substrate contribute to the widefield PL image intensity. Figure D12 depicts the widefield images 

and 3D intensity profiles for the reflection channel. However, the PL image changes upon exciting 

a single NW that is located 2.4 µm from a neighboring NW (Figure 6.5e,g). The central PL peak 

intensity broadens, and a shoulder feature appears in the 3D representation (Figure 6.5g). 

Interestingly, the shoulder feature in the widefield PL image spatially correlates with the real-space 

position of the NW neighbor in the SEM image (Figure 6.5e). The PL intensity moves around the 

central NW, depending on the nearest NW neighbor location (see Figure D13a – D13b). Note, 

conventional PL microspectroscopy mapping experiments do not distinguish between photons 

emitted from the central NW and nearest neighbor NW because the microscope objective collects 

all photons from the sample and directs them to the spectrometer, as shown in Figure 6.5a–top. 

Control experiments show that PL images of isolated NWs exhibit a single Gaussian-like emission 

peak in PL images (similar to substrate PL images), which further suggests that PL emission from 

the NW neighbor is responsible for the shoulder feature in Figure 6.5e.  

Having designed an experiment that distinguishes Case 1 from Cases 2 and 3 in Scheme 

6.1, we then explored to what extent widefield imaging could distinguish between Case 2 from 

Case 3. To do so, we calculated PL emission intensity from the neighboring NW relative to the 

photo-excited NW (i.e., PL intensity ratio) from experimental widefield images and compared that 

value to the same calculation, but for scattered light only. Figure 6.5e illustrates how we calculate 

the PL and reflection intensity ratio using the integrated intensity of a 5-by-5-pixel box from the 

neighboring NW (red box in Figure 6.5e) divided by the integrated intensity of a 5-by-5-pixel box 

from the origin NW (blue box in Figure 6.5e). Supporting Information Section D3 describes the 
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detailed image analysis procedures to quantitively extract PL and scattered light intensities from 

PL images using spatial information contained in SEM images.  

Figure 6.6 shows PL and reflection intensity ratio values as a function of nearest neighbor 

distance, d, which is the center-to-center distance between the central and the neighboring NW. 

The small unfilled squares in Figure 6.6a-b represent experimentally determined PL ratio and 

reflection intensity values from NW pairs and the large, filled squares show binned and averaged 

values to emphasize the general trend. Both the PL and reflection intensity ratio values 

monotonically decrease with increasing d. To further confirm that the PL and reflection ratio trends 

in Figure 6.6 indeed stem from photon communication between neighboring NWs, we examined 

how that ratio would change for a control experiment. To do so, we analyzed the signal responses 

upon exciting the InP substrate alone. The PL line profile was fitted with a Lorentzian function 

and is plotted as the red dashed line in Figure 6.6a (Figure D14a shows the widefield PL image). 

Note, the x axis in Figure 6.6a represents the distance from the excitation centroid and the grey 

box depicts the NW width. The dashed red line in Figure 6.6a decays much more rapidly than the 

experimental data points measured in the presence of NW neighbors. Hence, we conclude that our 

widefield imaging method can spatially resolve photons emitted from, or reflected by, neighboring 

NWs. This data shows that photon communication occurs within the NW arrays because we 

observe enhanced emission from the sample upon bringing NWs closer together. This enhanced 

emission in the neighboring wire highlights an ensemble photonic effect, either due to photon 

recycling or re-absorption and re-emission of scattered photons. 
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Figure 6.6. Experimentally determined PL and reflection ratios compared with modeling results. (a) PL nearest 
neighbor ratios as a function of nearest neighbor distance, d. The red squares represent the experimentally determined 
PL ratios, while the large red squares indicate the binned and averaged experimentally determined PL ratios (5 data 
points). The error bars indicate the standard error of the mean of the binned data points in both x and y. The purple 
and pink solid lines represent the simulated PL with low and high mobility scenarios, respectively, with labeled 
electron (μe) and hole mobility (μh) in units of cm2/Vs. The red dashed line indicates the Lorentzian fit to the instrument 
response of the 415 nm excitation in the PL channel on the bare InP substrate. The gray shaded box depicts where the 
x-axis is defined as the distance from the center of the excitation on the bare InP substrate. (b) The same as (a), but 
for reflection nearest neighbor ratios. The blue dashed line represents the Gaussian fit to the instrument response in 
the reflection channel on the bare InP substrate. The blue solid line indicates the simulated reflection results. 

We compared the simulated PL and reflection intensity ratios to experimental 

measurements. In our calculations, we integrate over all emission angles to determine the total 

emission rate. In widefield imaging experiments, the microscope objective collects photons 

emitted within a subset of angles defined by the numerical aperture. This difference may lead to 

discrepancies in the absolute emission rates, but does not significantly impact the comparison of 

PL ratios.56 The shaded region in Figure 6.6a shows the simulated PL ratio for different charge-

carrier mobilities. The purple line at low PL ratio represents the low mobility scenario, where 

electron mobility (𝜇e) = 3 cm2/Vs and the hole mobility (𝜇h) = 0.3 cm2/Vs. The pink line at high 

PL ratio values represents the high mobility scenario, where 𝜇e = 5400 cm2/Vs and 𝜇h = 200 

cm2/Vs. The high mobilities (𝜇e = 5400 cm2/Vs, 𝜇h = 200 cm2/Vs) are based on the  bulk InP 

properties26, and to consider a wide range, the low mobilities considered are much smaller (𝜇e= 3 

cm2/Vs, 𝜇h = 0.3 cm2/Vs) than what was predicted from electron beam induced current (EBIC) 
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measurements in Supporting Information Section D9. The hole mobility was reasonably assumed 

to be tenfold smaller based on effective masses of electrons and holes. Mobility is inversely related 

to the effective mass 𝑚e/h, so 𝜇h ≈ 𝜇e × 𝑚e𝑚h ≈ 𝜇e × 0.0770.64 ≈ 0.12𝜇e.26 These predictions in Figure 

6.6a reinforce that the charge-carrier mobility significantly influences the PL ratio, and is 

consistent with the results in Figure 6.4. This is expected as charge-carrier diffusion was previously 

shown to have a significant effect on the emission in the neighboring NWs. For the lowest charge-

carrier mobilities (𝜇e= 3 cm2/Vs, 𝜇h= 0.3 cm2/Vs) modeled in Figure 6.6a, the relative contribution 

of diffusion and photon recycling are 47.6% and 52.4% respectively towards emission in the 

neighboring NW. Even with these experimentally deduced mobility values, the predictions still 

deviate from the PL ratios that are experimentally measured. This is attributed to many factors 

including experimental measurement uncertainties, and additionally, the built-in assumptions in 

the model that only considered radiative recombination. When recombination is accounted for at 

the NW surfaces, for equivalent mobilities of the charge-carriers, the predicted PL ratio becomes 

smaller than when only considering radiative recombination (Figure D21). Surface recombination 

is expected to be present in nanostructures, consistent with its large surface area to volume ratio. 

However, to model this effect accurately, we need to calibrate the values of the surface 

recombination velocities experimentally.  Overall, these results showcase the power and necessity 

for model-based interpretations in furthering the understanding of spatially resolved PL 

measurements. Charge-carrier diffusion is especially shown to be critical pathway in addition to 

photon recycling, to contribute to emission in neighboring NWs, and needs to be taken into account 

when correlating PL between NWs.  

Although the experimental reflection values are lower than those for PL, they do not decay 

as rapidly as the reflection values observed on the bare substrate (Figure 6.6b, blue dashed line). 
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Notably, the reflection values do not drop to zero at long d, contrary to the predictions from the 

simulated result (Figure 6.6b, blue solid line) and the instrument response observed during the 415 

nm excitation on the substrate (Figure 6.6b, blue dashed line). The reflected photons from the 

central NW can travel to neighboring NWs and scatter off their surfaces too, which explains the 

higher reflection ratio values and suggests additional reflection and scattering between these NW 

arrays (case 3 in Scheme 6.1). We believe this is likely due to an imperfect NW geometry and an 

artifact that the excitation spot size (≈500 nm) is the size of the NW diameter. Future experiments 

of examining pillar-like structures that are larger than the diameter of the laser spot size will 

mitigate this effect.   

Having established that optical simulations can interpret and inform experiments, we 

explored to what extent NW morphology influences photon re-absorption probability among NW 

neighbors. To probe the effectiveness of the different modeling techniques, Figure 6.7 compares 

results from the COMSOL model to geometric calculations of the light re-absorption probability 

while varying interwire distance, diameter, and height using baseline conditions in Table 6.1. The 

re-absorption probability quantifies the chance that a photon will be re-absorbed by a neighboring 

wire after emission from the illuminated, central NW. This re-absorption probability is a critical 

input necessary to quantify the enhanced generation rate due to photon recycling in the COMSOL 

model (Eq. D20, D21), and directly applied in the geometric model.  We note that the COMSOL 

model predicts the electric field distribution due to emission from point dipole sources along the 

central NW length, as compared to would be predicted purely from geometric arguments (see 

Methods and Supporting Information Section D7 for details). 

As expected, there is an inverse correlation between the center-to-center nearest neighbor 

distance and the re-absorption probabilities due to the increasing loss of photons to the substrate 
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and through the to the top surface (Figure 6.7a, Figure D22a). For all cases modeled in Figure 6.7, 

there is a less than a 10% probability that the neighboring NW re-absorbs the emitted photon from 

the central NW. This low probability stems from the fact that most of the photon re-absorption 

occurs within the central NW (Figure D22). The trend with diameter is more complex (Figure 

6.7b), initially increasing with diameter, but then decreasing for larger diameter wires (>0.5 μm). 

An optimum value arises due to the balance between increasing absorption in the central NWand 

a rapidly declining loss of emitted photons to the substrate and the top surface (Figure D22b). For 

the largest diameter NW (1.4 μm), 90% of the emitted photons are absorbed within the central 

NW. From a pure geometric viewpoint, initially increasing the NW diameter increases the 

absorption area in the central NW and, therefore, the total number of photons that could be re-

absorbed. Additionally, increasing the NW diameter increases the capture cross section for re-

absorption by the neighboring NW, leading to a higher probability of re-absorption. However, at 

sufficiently large diameters, the probability of a photon being emitted from the top or bottom NW 

surface increases, rather than from the lateral surface of the central NW, which causes the re-

absorption probability to decrease. The direct electric field and geometry-based simulations agree 

up to 0.5 um-diameter NWs, but then deviate substantially for larger diameters, yielding a much 

sharper inversion of the trend from the former. This deviation is due to the geometric model not 

considering photon re-absorption by the substrate beneath as well as re-absorption within the 

central wire. Both these pathways are shown to rapidly decline with increasing NW diameter from 

the direct electric field simulations (Figure D22b). Both models show a positive correlation 

between NW height and re-absorption probability, attributed to the larger effective area to capture 

emitted photons in a longer wire than a shorter one (Figure 6.7c). 
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While the simple, and computationally inexpensive, geometry model is reasonably 

accurate for predicting re-absorption probabilities for changes to NW height and interwire 

distance, the diameter is not well predicted due to the substrate effects discussed above. This 

highlights the importance and power of direct electric field calculations, and additionally 

demonstrates that the geometric model predictions have the potential for improved accuracy 

through the inclusion of extra optical paths to account for photon re-absorption within the substrate 

and the central NW. 

 

Figure 6.7. Predicted impact of NW (a) nearest neighbor distance, (b) diameter, and (c) height on photon re-absorption 
probability using baseline parameters in Table 6.1. Red lines are predicted using a maximum geometric calculation 
and blue lines are calculated from COMSOL modeling. 

Next, we simulated how nearest neighbor distance, diameter, and height influence the 

experimentally accessible PL ratio value in Figure 6.8 using both COMSOL Multiphysics 

modeling and a computationally cheaper MC method. The COMSOL model fully couples the 

optical field with charge-carrier generation, recombination, and transport in the NWs and the 

substrate. The MC method only accounts for absorption and recombination events and does not 

consider charge-carrier transport or the presence of a substrate. One major difference between the 

models is that the charge-carrier mobilities strongly influence the COMSOL-predicted PL ratio 

values (Figure D23), whereas the MC model remains unaffected by this quantity. We include the 
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MC method in the Supporting Information (Section D7) so other researchers in the community can 

leverage the approach for predictive design of their NW array samples.  

Both models predict an inverse correlation between PL ratio and d in Figure 6.8a. The 

magnitudes nearly match when the COMSOL model considers the low charge-carrier mobility 

situation as in Figure 6.6a (𝜇e= 3 cm2/Vs, 𝜇h = 0.3 cm2/Vs) because the diffusion is no longer the 

dominant effect with these mobilities (Figure D20), which more closely mimics the assumption of 

no substrate in the MC model. Figure D17–D18 (MC) and Figure D21 (COMSOL) shows 

additional simulations that explore how PLQY, mobility, absorption coefficient, radiative 

recombination factor, and surface recombination velocity influence the PL ratio.   

 

Figure 6.8. Simulated PL Ratio across variable geometry parameters. Solid lines are from the MC simulation and dots 
are from coupled simulations of the electric field and semiconductor physics. The parameters studied were a) nearest 
neighbor distance, b) NW diameter, and c) NW height. Baseline values from Table 6.1 are modeled for all other 
parameters in the COMSOL Model. 

Interestingly, the two methods predict different trends for how NW diameter (Figure 6.8b) 

and height (Figure 6.8c) impact the PL ratio. The MC model predicts an inverse relationship 

between diameter and PL ratio, potentially due to increased upward light emission from wider 

wires. This both reduces the opportunities for inter-wire recycling (decreasing the numerator in 

the PL ratio) and also increases the amount of PL detected from the excited wire (increasing the 

denominator in the PL ratio). On the other hand, the COMSOL model first shows an increasing 

then decreasing trend with the diameter with an optimal value around 0.5 μm, which is similar to 
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the trend of re-absorption probability shown in Figure 6.7b. The MC model predicts a modest 

positive correlation between height and PL ratio (Figure 6.8c), primarily attributed to the increase 

in the re-absorption probability (Figure 6.7). However, the COMSOL model predicts a negative 

correlation, once again driven by the relatively influential effect of charge-carrier diffusion as 

compared to the recycling of emitted photons towards the recombination rates in the neighboring 

NWs (Figure D20). The predicted PL ratio from the MC model is influenced by high PLQY57–59 

and the degree of Stokes shift between the emitted and re-absorbed light4,5,44,60, as any PL lower 

in energy than the semiconductor bandgap cannot be re-absorbed. For the materials tested in this 

study, 46% of the emitted light overlaps with the absorbance spectrum. This Stokes shift was not 

accounted for in the COMSOL model and may explain why the predicted PL ratios between the 

two models differ.   

Finally, to provide context on how photon recycling could contribute to photocatalytic 

performance, we calculated the net rate of charge-carrier generation on a volume-averaged (m–3 s–

1) basis for the central wire in Figure 6.9 as a function of morphological parameters, with and 

without inclusion of photon recycling. This calculation is performed for the very low mobilities 

modeled (𝜇e = 3 cm2/Vs, 𝜇h = 0.3 cm2/Vs), as the effect of photon recycling is expected to be the 

most pronounced for this case. This net generation rate is used as a representative metric that can 

relate to the volumetric rate of chemical/fuels production in photocatalytic NWs and is calculated 

as the difference between the generation and recombination rates predicted (as in Figure 6.3). This 

quantity is important to track because, photon recycling increases both the generation and the 

recombination rates, and they don’t necessarily change by the same magnitude because of the 

presence of other parasitic pathways for charge-carrier recombination (e.g., through the substrate). 
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Therefore, higher generation rate due to photon recycling doesn’t necessarily imply better 

photosynthetic performance since the recombination rate is going up at the same time. 

For this low mobility case, there is a noticeable enhancement in the net charge-carrier 

generation rate within the central NW when photon recycling is factored on for all morphologies 

modeled. The trends with neighbor distance, NW diameter and height are all consistent with the 

trends shown in Figure D20 for the re-absorption probabilities within the central NW. Contrary to 

the emission intensity in the neighboring NWs, increasing distance between the central and the 

neighboring NWs benefits the net generation rate in the central NW. Beyond a diameter of 0.5 μm 

for the NWs, the enhancement to the net generation rate plateaus when photon recycling is factored 

in because of the increased losses to the substrate. Additionally, increasing the NW height 

enhances both recombination and generation rates to a similar extent, making photon recycling 

ineffective at altering the overall outcome in this case. Figure D24 displays the net generation rate 

profiles in the neighboring wire. As expected– since photon recycling is not included in the model–

there is no significant charge-carrier generation in the neighboring NW across all cases. This is 

due to the minimal contribution from the incident field and, in the low mobility scenario presented, 

the limited effectiveness of charge-carrier diffusion. 

Beyond the net generation rate, another important metric to quantify is the ratio of the 

generation to the recombination rate, as this is indicative of the charge-carrier generation under 

illumination of the nanostructured semiconductor materials, 𝑉OC = 𝑘𝑇𝑞𝑒  (log ( 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑅𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 + 1)). 

Figure D25 reveals that this generation/recombination ratio slightly decreases (by up to 10%), 

especially for the larger NW diameters, when photon recycling is taken into account in the model 

as compared to our predictions without photon recycling. The extent to which the charge-carrier 

generation under illumination depends on photon recycling or not is dependent on the mobility of 
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the charge-carrier species and is expected to decrease for the larger and more realistic material 

mobilities. We explored the effect of high mobility in Figure D25. In the high mobility case, the 

generation/recombination ratio versus nearest neighbor distance, diameter, and height follows a 

similar trend to that observed with low mobility (Figure D25). However, the curves with and 

without photon recycling nearly overlap for high-mobility cases, validating our conclusion that 

photon recycling plays a diminished role in high-mobility materials.   

These results point towards the need to balance gains in the enhancements to re-absorption 

with the losses incurred from enhanced emission and therefore the charge-carrier generation under 

illumination due to photon recycling in the materials and designs for semiconductor NWs for 

photocatalysis. While outside the scope of this study, future model predictions will consider direct 

implications of electronic transport and photon recycling on solar-to-chemical conversion 

efficiencies. 

 

Figure 6.9. Averaged volumetric net generation rate in the central NW versus (a) nearest neighbor distance, (b) 
diameter, and (c) height using baseline values in Table 6.1. Net generation rate is defined as the difference between 
generation rate and recombination rate. Blue and red lines correspond to with photon recycling and no photon 
recycling, respectively. 

6.5 Conclusion 

We performed optical and photophysics simulations and single NW spectroscopy and 

microscopy experiments to investigate contributions of incident photon scattering, charge-carrier 
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diffusion, and photon recycling on the carrier generation/recombination rates in NW arrays. 

Results demonstrate the critical necessity for model-based interpretations to infer the causal factors 

for emission measured in neighboring NWs from spatially resolved PL measurements. 

Comparisons between the experimental measurements and model predictions showcase a good 

match in trends for the PL and reflection intensity ratios between the illuminated and the 

neighboring NWs. However, the magnitudes are highly sensitive to the charge-carrier mobilities 

and other select idealizing assumptions made in the model, especially the lack of surface 

recombination.  Charge-carrier diffusion is quantitatively demonstrated to be a critical contributor 

to emission in the neighboring NWs in the case of moderate-to-high mobility materials (>10 cm2 

V-1 s-1). However, photon recycling plays a more dominating role for the low mobility materials 

(<1 cm2 V-1 s-1). Our measurement and modeling approaches are independent of material 

composition, enabling researchers in the heterogeneous photocatalysis community to apply the 

methods developed herein to low-mobility semiconductors such as BiVO4. Predictive models were 

applied to evaluate the effects of morphological parameters, where simple and fast geometry-based 

calculations match the more rigorous full-wave optical model predictions reasonably well for the 

reabsorption probabilities, except for trends with respect to the NW diameter. This reiterates the 

necessity to consider implications of all possible photon loss pathways, for instance through the 

substrate. Even with the idealization of only considering radiative recombination of charge-

carriers, our projections for the net carrier generation rate and the charge-carrier generation under 

illumination in the centrally illuminated wire in a NW array, indicates rather modest benefits, if 

any, from photon recycling. 

This study demonstrates that spatial PL measurements are influenced not only by optical 

coupling mechanisms, such as scattering and photon recycling, but also by electronic coupling 
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arising from charge-carrier diffusion in NW arrays. To address this, we developed a unique and 

tractable computational model that quantitatively predicts the extent to which charge-carrier 

diffusion (electronic coupling) dominates in NW arrays connected via a base substrate. Our results 

further show that optical coupling through photon recycling is particularly significant for NW 

arrays composed of low-mobility, but water-stable metal oxides (e.g., BiVO₄), commonly used in 

photocatalysis for solar-to-chemical transformations. Additionally, we demonstrate that photon 

recycling becomes a critical factor in systems where absorbers are freely suspended and not 

electronically connected by a substrate, such as particle-suspension systems and particulate sheets, 

highlighting the importance of controlling optical coupling in these configurations. Overall, this 

study establishes robust predictive and experimental frameworks to better understand and assess 

light management and electronic transport in nanoscale photosynthetic materials, paving the way 

to enhance the performance of next-generation sunlight-to-chemical energy conversion systems.  
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CHAPTER 7: SINGLE-MOLECULE ANALYSIS OF METHYL VIOLOGEN BINDING TO 

CdSe/CdS CORE-SHELL QUNTUM DOTS VIA PHOTOLUMINESCENCE BLINKING6 

 
 
 
7.1 Overview 

This chapter investigates the binding behavior and photoinduced electron transfer 

dynamics of methyl viologen (MV2+) on the surface of CdSe/CdS core-shell quantum dots through 

single-molecule fluorescence blinking analysis. Using total internal reflection fluorescence 

microscopy, we recorded fluorescence intensity trajectories of individual quantum dots in the 

absence and presence of methyl viologen. Bare quantum dots exhibited characteristic stochastic 

blinking with broad ON-state dwell time distributions, while MV-treated quantum dots showed 

increased OFF-state occupancy and suppressed emission, indicating efficient electron transfer to 

surface-bound MV2+. Time-resolved photoluminescence measurements further supported a 

photoinduced electron transfer mechanism, with Stern–Volmer analysis confirming dynamic 

quenching behavior. This study demonstrates that single-molecule blinking trajectories provide a 

sensitive and high-resolution probe for quantifying electron transfer kinetics and surface binding 

behavior in quantum dot–molecule systems. The results offer new insights into catalyst loading 

effects, charge separation efficiency, and interfacial redox dynamics, providing a framework for 

optimizing quantum dot-based photocatalysts and molecular heterojunctions. 

7.2 Introduction 

Quantum dots (QDs) exhibit unique size-tunable optical and electronic properties that allow these

 
6This chapter is a manuscript in preparation, with the goal to be submitted for publication: Lustig, D., Prahdan, A., 
Click, S., Bird, O., Dukovic, G., and Sambur, J., Single-Molecule Analysis of Methyl Viologen Binding to CdSe/CdS 
Core-Shell Quantum Dots Via Photoluminescence Blinking.  
 
 



162 
 

materials to be valuable platforms for studying charge transfer processes at the single-particle 

level.1–5 Among these processes, photoinduced electron transfer (PET) between QDs and 

molecular redox species is of particular interest for applications in photocatalysis, energy 

conversion, and biosensing.6–10 Specifically, cadmium selenide (CdSe) and cadmium sulfide (CdS) 

QDs have been extensively used as model systems for studies of photoinduced charge transfer 

from semiconductor nanocrystals.6 CdSe/CdS core-shell QDs, with their type-I band alignment 

and strong quantum confinement in the CdSe core, serve as ideal systems for probing charge 

transfer dynamics due to their enhanced photostability and bright, stable fluorescence.11,12 When 

coupled to electron acceptors such as methyl viologen (MV), QDs can undergo PET that modulates 

their fluorescence intensity, providing a sensitive readout of charge transfer events.2,13,14  

 Importantly, a key motivation for understanding QD–molecule interactions stems from 

solar-to-chemical conversion applications such as photocatalytic water splitting.15–18 Previous 

studies have demonstrated that loading nanoparticulate co-catalysts onto semiconductor 

photocatalysts significantly enhances hydrogen evolution reaction (HER) activity, up to an optimal 

threshold. For instance, loading Rh2−yCryO3 onto a photocatalyst surface improves HER activity 

until a critical loading of 1.0 wt% Rh and 1.5 wt% Cr is reached.19 Beyond this threshold, excessive 

cocatalyst coverage leads to reduced performance.19 These results highlight that catalyst loading 

is not monotonic: too little coverage results in under-utilization of the surface, while too much 

surface coverage may block light absorption or induce charge trapping. 

Given that HER involves a 2-electron transfer process20, questions arise about whether 

multiple catalysts bound to a single QD could compete for electrons, or whether their spatial 

arrangement affects PET. Here, we ask two critical questions: 1. Can single-molecule fluorescence 

microscopy detect biding heterogeneity of surface catalysts? 2. Can fluorescence blinking resolve 
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whether QDs exhibit different charge transfer kinetics depending on catalyst coverage? This 

chapter aims to address these questions using MV2+ as a molecular model for a redox-active 

cocatalyst.  

Single-molecule fluorescence techniques allow for real-time monitoring of QD emission 

trajectories, which display characteristic blinking behavior as they switch between emissive "on" 

and non-emissive "off" states.10,21–23 This blinking arises from charge carrier trapping, Auger 

recombination, and other photophysical processes, but can also reflect charge transfer events such 

as electron transfer to MV2+.23 One method to probe the effects of surface chemistry on the optical 

properties of individual QDs is through monitoring their photoluminescence intermittency, or 

blinking behavior.22 By analyzing the statistical distributions of "on" and "off" dwell times, 

transition rates, and intensity fluctuations, insights can be gained into the underlying mechanisms 

of charge transfer and binding interactions at the single-particle level. 

Additionally, a major challenge in photocatalysis research is accurately identifying how 

and where molecular acceptors bind to nanocrystal surfaces.13,14 Furthermore, the influence of 

binding on charge transfer complicates interpretation– since increasing the number of bound 

acceptors can accelerate observed electron transfer rates. Single-molecule fluorescence techniques 

offer a powerful approach to circumvent these challenges. By monitoring individual QD 

trajectories, one can directly correlate blinking patterns with changes in local redox environment, 

molecular binding events, and charge transfer kinetics– without needing ensemble averaging.  

This chapter aims to investigate the binding behavior of MV2+ to CdSe/CdS QDs by 

analyzing single-molecule fluorescence blinking trajectories. Through experimental 

measurements and statistical modeling, we characterize how MV2+ binding influences blinking 

kinetics, identify concentration-dependent effects, and develop a mechanistic model for PET-
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mediated fluorescence quenching. Additionally, we explore whether blinking statistics can reveal 

not just the presence, but the quantity and spatial distribution of molecular catalysts like MV2+ on 

QD surfaces, potentially linking blinking dynamics to catalytic heterogeneity.  

7.3 Methods 

7.3.1 Materials 

The following chemicals were purchased and used as received: cadmium oxide (CdO), 

octadecylphosphonic acid (ODPA), trioctylphosphine oxide (TOPO), trioctylphosphine (TOP), 

selenium (Se), Oleylamine, octadecene, octanethiol, and oleic acid. For washing, methanol, 

ethanol, acetone, octylamine, toluene, and hexanes were used.  

7.3.2 Preparation of Cd-Oleate Precursor  

 In a 100 mL round bottom flask, 0.284 g (2.212 mmol) CdO and 22 mL oleic acid were 

evacuated on a Schlenk line at 120 °C for 30 min. Following degassing, the mixture was heated to 

220 °C under an inert argon atmosphere, where the color of the solution changed from the reddish 

brown of CdO to colorless Cd-oleate. The reaction mixture was then cooled to 120 °C and degassed 

for 1 h to remove excess water formed from the reaction. The mixture was stored under argon via 

Schlenk line at room temperature and heated to 60 °C for use. The final concentration of the Cd-

Oleate precursor was 0.1 M.  

7.3.3 Synthesis of CdSe Quantum Dots 

 CdSe QDs were synthesized according to the previously published method by Carbone et al. 

with minimal modifications.24 Briefly, 0.063 g (0.49 mmol) CdO, 0.2820 g (0.8455 mmol) ODPA, 

and 3.0010 g TOPO were evacuated in a 25 mL round bottom flask via a Schlenk line at 120 °C 

for 30 min. Following degassing, the reaction mixture was heated to 320 °C under an inert argon 

atmosphere, where the color of the solution changed from the reddish brown of CdO to colorless 
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Cd-ODPA. Once the solution was completely colorless and translucent, 1 g of TOP was injected 

and the solution was heated to 350 °C. Upon reaching 350 °C, a mixture of 60 mg (0.76 mmol) Se 

that was previously dissolved in 0.500 mL TOP was rapidly injected into the reaction mixture to 

induce nucleation of CdSe QDs. After 30 s of growth, the heating mantle was removed, and the 

solution was rapidly cooled to room temperature with an oil bath. To prevent solidification of 

TOPO, a mixture of 4 mL methanol and 4 mL toluene was injected once the solution cooled to 60 

°C.  

The produced CdSe QDs were washed under inert atmosphere by centrifugation at 3400 

rpm for 20 min. The precipitated pellet of QDs was redispersed in 1 mL toluene, 1 mL octylamine, 

and precipitated with 15 mL methanol and centrifugation at 4400 rpm for 10 min. The precipitated 

pellet of QDs was next redispersed in 2 mL of toluene and precipitated then with 10 mL methanol 

and centrifugation at 4400 rpm for 10 min. The precipitated pellet of QDs was finally redispersed 

in 2 mL of hexanes and stored under an inert atmosphere. The purified QDs had a 1S exciton 

absorbance peak at 524 nm that corresponds to a 2.6 nm diameter. The diameter and concentration 

of the CdSe QDs in solution were estimated based on the absorption of the first excitonic peak 

using the corrected sizing curve reported by Jasieniak et al.25 The stock solution concentration was 

calculated to be 441 M CdSe QDs. 

7.3.4 Synthesis of CdSe/CdS Core-Shell Quantum Dots 

CdSe/CdS core-shell QDs were synthesized by growing a thick CdS shell over 2.6 nm 

diameter CdSe QDs via a modified continuous injection procedure. Briefly, 3 mL oleylamine and 

3 mL octadecene (ODE) were degassed in a 50 mL round bottom flask at 120 °C for 30 min. Next, 

227 L (100 nmol) CdSe QD stock was injected and degassed for another 30 min. Following 

degassing, the reaction mixture was heated to 310 °C under an inert argon atmosphere. Once the 
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reaction reached 270 °C, a mixture of 6 mL 0.12 M octanethiol in ODE and 6 mL 0.1 M Cd-oleate 

in oleic acid were continuously injected at the rate of 5 mL/h. After 10 mL were injected over 2 h, 

the continuous injection was stopped, and 1.00 mL oleic acid was injected. The reaction mixture 

was annealed for 30 min at 310 °C and then removed from heat and allowed to cool to room 

temperature in an oil bath. 

The produced CdSe/CdS core-shell QDs were washed under inert atmosphere by addition 

of 1 mL toluene, 1 mL methanol, and 3 mL ethanol, followed by centrifugation at 3400 rpm for 

15 min. The precipitated pellet of QDs was redispersed in 1 mL toluene and precipitated with 1 

mL ethanol and centrifugation at 3400 rpm for 10 min. The precipitated pellet of QDs was finally 

redispersed in 2 mL of hexanes and stored under an inert atmosphere.           

7.3.5 Quantum Dot Characterization 

The absorbance and emission properties of CdSe/CdS core-shell QDs were characterized 

by UV-Vis absorption spectroscopy and steady-state photoluminescence (PL) spectroscopy 

(Horiba Duetta Fluorescence and Absorbance Spectrometer). Absorbance spectra of the QD 

solutions were collected with a range of 300–600 nm and an integration time of 0.1 s. Steady-state 

PL spectra Spectra were collected by using an excitation wavelength of 355 nm. The emission 

bandwidth was kept at 5 nm and the dwell time at 0.05 s. All spectra were measured at room 

temperature using colloidal QD suspensions in hexanes and 1 cm pathlength quartz cuvettes. The 

purified core-shell QDs had a PL peak at 610 nm with 32 nm full width at half maximum (FWHM) 

and 90% photoluminescence quantum yield (PLQY). TEM micrographs show a final diameter 9.3 

nm, which corresponds to ~6 monolayers (MLs) of CdS grown on the 2.6 nm CdSe core. 
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7.3.6 Ensemble-level Charge Transfer Measurements 

Steady-state and TRPL spectroscopy were used to study PET between CdSe/CdS core-

shell QDs and MV2+ electron acceptors. TRPL measurements were performed on an Edinburgh 

Instruments FS5 equipped with a 365 nm pulsed LED (EPLED, 100 kHz). The optical density of 

the exciton peak was adjusted to 0.1 for all colloidal QD samples to prevent QD aggregation and 

minimize reabsorption effects at the excitation wavelength. For the steady-state PL experiments, 

microliter volumes of a 1 mM ethanolic solution of MV were incrementally injected into 3 mL of 

a colloidal QD solution. PL spectra of QD/MV2+ mixtures were excited at 340 nm. All TRPL data 

was acquired at 612nm emission with a bandwidth of 5.20 nm and channel range of 2048. The 

time range was selected as 100 ns with stop conditions of 180 seconds. The instrument response 

function (IRF) was measured via laser scattering from a solution of colloidal silica 

(LUDOX). TRPL data was deconvoluted from the IRF using a general bi-exponential equation 

with a background offset (Edinburgh, Fluoracle). Figure E1 shows the measured IRF. The 

deconvoluted lifetimes decay profiles were normalized and plotted together, and the average 

lifetime was calculated for each decay plot using the Eq. 7.1, where A1 and A2 are amplitude 

coefficients, and τ1 and τ2 are fast and slow decay lifetimes, respectively. 

7.3.7 Sample Preparation for Imaging  

For control experiments, 70 𝜇L of the diluted QD solution in hexanes was drop cast on a 

clean quartz slide until complete evaporation. Then, 200 𝜇L of the same QD solution was streamed 

over the quartz slide. A water droplet was placed between the QD-coated quartz slide and a #1 

glass coverslip (19904). The water was chosen because (1) the QDs are not soluble in this media 

due to dispersion in hexanes and, therefore, the fluid prevents the QDs from detaching from the 

 𝜏avg = A1𝜏12 + A2 𝜏22 A1𝜏1 + A2 𝜏2  Eq. 7.1 
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quartz slide; (2) the QD emission decays in air; (3) the QDs detach from the slide if the experiments 

were performed in the same solvent used for ensemble-level testing; (4) the water is index-matched 

to our 60× water immersion objective (NA = 1.2, Olympus, UPLANSAPO60×/W). For QD/MV2+ 

PL quenching experiments, Methyl viologen dichloride hydrate (1.4 mg) was added to the 

CdSe/CdS stock solution and mixed over night at room temperature. The QD/MV2+ mixture was 

then prepared the same as for the control experiments, with the modification that an MV2+/water 

mixture was used for imaging.   

7.3.8 Single-Molecule Fluorescence Microscopy    

Widefield microscopy measurements were performed on an Olympus IX73 inverted 

optical microscope equipped with a prism-type total internal reflection fluorescence (TIRF) 

microscopy setup. A 355 nm laser (Coherent Genesis CX) excites the CdSe/CdS QDs at a power 

density of 0.03 kW/cm2. Photons emitted from the sample were collected through the objective, 

passed through a dichroic mirror (405 nm), long pass filter (cutoff wavelength: 440 nm) in the filter 

cube of the Olympus microscope, and a bandpass filter which was chosen to match the emission 

signal from the QDs (618/50 bandpass) until finally projected onto an EMCCD camera (Andor 

iXon 897). Fluorescence images were continuously acquired at a 20 ms frame rate for a total of 

7000 images. The intensity trajectories of single ZnO NCs and dye molecules from the image 

stacks, or movies, were extracted using the detailed image analysis algorithm described in 

Appendix E.   

7.4 Results  

 Figure 7.1a shows TEM micrographs with a diameter of 9.3 nm, which corresponds to ~6 

MLs of CdS grown on the 2.6 nm CdSe core. Figure 7.1b shows the optical spectroscopic 

properties of the QDs. A typical absorbance spectrum is shown (solid green trace), showing strong 
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absorbance between 300 – 500 nm. The PL peak when excited with 355 nm light is approximately 

610 nm with a 32 nm FWHM (blue dashed trace). The corresponding PL excitation (PLE) spectra 

shows a maximum at 385 nm when the PL is monitored at 610 nm (purple dashed trace).   

 
 

Figure 7.1 (a) TEM image of CdS/CdS core–shell quantum dots QDs. (b) Absorption (green), excitation (purple) 
and emission (blue) spectra of the QD ensemble in hexanes.  

 

 Electron transfer-mediated PL quenching of the QDs by MV2+ serves as a probe for the 

binding affinity of MV2+ for the surfaces of the QDs.13 The efficiency with which MV2+ quenches 

the PL of these QDs through PET depends on the binding affinity of MV2+ to their 

surfaces.13 Figure 7.2a shows the quenching of the steady-state PL intensities of CdSe/CdS QDs 

upon exposure to increasing concentrations of MV2+. The cartoon schematic in Figure 7.2a shows 

the conceptual model wherein MV2+ binds to the QD surface and accepts an electron from the 

excited QD, leading to nonradiative recombination and suppression of PL. As the MV2+ 

concentration increases, the steady-state PL spectra shows a progressive decrease in PL intensity, 

confirming efficient quenching my MV2+ due to charge transfer.      

 Additionally, Figure 7.2b shows that the time-resolved PL decay curves of the QDs reveal 

faster decay kinetics with increasing MV2+ concentrations, indicating that the quenching process 
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occurs via dynamic (i.e., diffusional or surface-bound) electron transfer.26 The PL decay profiles 

were fit using a biexponential function: 

where A1 and A2 are amplitude coefficients, and τ1 and τ2 are fast and slow decay lifetimes, 

respectively. To understand the quenching dynamics between MV2+ and the QDs, Stern-Volmer 

analysis was applied on steady state emission and TRPL data using the following Stern-Volmer 

equations:  

 

 
where, I0 represents the emission intensity of the QDs and I represents the intensity of the QDs in 

the presence of the quencher (MV2+). Ksv is the Stern-Volmer constant and [Q] is the quencher 

concentration in the sample. 𝜏0 represents the lifetime of the QDs and 𝜏 represents the lifetime of 

samples containing both the QDs and the quencher. Kq is the bimolecular quenching constant. The 

steady-state Stern-Volmer plot (Figure 7.2c) shows a linear increase in PL quenching with MV2+ 

concentration, suggesting that each MV2+ molecule independently contributes to quenching. 

Likewise, the lifetime-based Stern-Volmer plot (Figure 7.2d) confirms dynamic quenching, as 

evidenced by the concentration-dependent reduction in average lifetime. Together, these results 

provide strong evidence that MV2+ mediates efficient electron transfer from the QD to the acceptor, 

consistent with its role as a redox-active quencher. Table 7.1 displays the information extracted 

from the TRPL fitting procedure and the values shown for the Stern-Volmer plot in Figure 7.2d.  

 I(t) =  A1e−τ τ1⁄ + A2e−τ τ2⁄   Eq. 7.2 

 𝐼0𝐼  = 1 + 𝐾𝑆𝑉[Q]  Eq. 7.3 

 𝜏0𝜏  = 1 +  𝐾𝑆𝑉[Q] =  1 + 𝐾𝑞𝜏0[Q]  Eq. 7.3 
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Figure 7.2 (a) Normalized steady-state PL spectra for CdSe/CdS QDs with increasing concentration of MV2+. The 
light green trace represents the emission spectrum of bare QDs. All other traces represent QD/MV2+ mixtures. The 
excitation wavelength was 355 nm. The inset is a cartoon schematic of the physical adsorption of MV2+ electron 
acceptor molecules on the QD surface resulting in PL quenching. (b) Normalized time-resolved PL decay curves of 
QDs with increasing MV2+concentration as described in Table 7.1. Solid darker colored lines represent bi-exponential 
fits using Eq. 7.1. (c) Steady-state Stern-Volmer plot of concentration-dependent quenching of PL intensity with 
increasing MV2+concentration. (d) Time-resolved Stern-Volmer plot showing the relative change in average lifetimes 
with the successive addition of MV2+.  

 
Table 7.1 Information extracted from the TRPL fitting procedure used for Stern-Volmer plots.  

[MV] 
(𝜇m) MV:QD ratio 𝜏1 (ns) 𝜏2 (ns) A1 A2 𝜏avg (ns) 𝜏0/𝜏avg 

0 1:0 43.0 0.00 3.96 0.00 43.0 (𝜏0) 1 

10 1:30 5.28 41.0 1.18 2.76 39.1 1.10 

20 1:60 4.84 37.0 1.12 1.50 34.1 1.26 

30 1:120 3.92 32.5 0.62 0.490 28.7 1.50 

40 1 :150 3.19 27.9 0.770 0.270 21.8 1.97 

50 1:180 2.72 24.8 0.343 0.052 15.5 2.77 
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 We analyzed the single-QD blinking trajectories for 744 bare QDs and 805 QD/ MV2+ pairs. 

Figure 7.3 shows representative single-molecule fluorescence intensity trajectories of bare 

CdSe/CdS QDs and their corresponding intensity histograms, used to analyze the native blinking 

behavior in the absence of MV2+. Each single-molecule trajectory was corrected for drift during 

the movie acquisition (Figure E2) and background subtraction was performed (Figure E3), using 

a procedure based on previous work reported by our group.27 Each trajectory (left panels of Figure 

7.3a–c) shows the time-dependent blinking behavior of an individual quantum dot over a 500-

second acquisition window, while the right panels present the associated intensity histograms 

overlaid with Gaussian fits used to determine on and off states. Insets in the trajectory plots show 

fluorescence localization images confirming single QD identification. Across all trajectories, the 

fluorescence fluctuates between high and low states, characteristic of blinking dynamics arising 

from spontaneous transitions between bright emissive (on) and dark non-emissive (off) states. 

 

 

Figure 7.3 Representative single-QD blinking fluorescence intensity trajectories and corresponding intensity 
distributions for 3 different bare QDs. The inset shows the widefield image of the QD. The distributions are fit with 
two gaussian functions (blue and red dashed lines) and a mixed gaussian model (red solid line). The on (red dashed 
line), average (black dashed line), and off (blue dashed line) thresholds are determined from the average of the gaussian 
functions and when the two gaussian functions overlap.  

 Figure 7.3a shows the QD exhibits frequent switching between on and off states, with a clear 

bimodal histogram distribution. Gaussian fits to the histogram reveal two well-separated peaks 

corresponding to the on and off states, indicated by red and blue dashed lines, respectively. This 
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bimodality enables straightforward thresholding for dwell time analysis. The inset fluorescence 

spot confirms the localization of a single QD. Figure 7.3b depicts a second QD that remains mostly 

on throughout the duration of measurement, with only shallow excursions to lower intensity levels. 

The corresponding histogram shows a unimodal distribution skewed toward higher intensities, 

indicating that the off state is less accessible or shorter-lived for this QD, possibly due to fewer 

trap states. Figure 7.3c highlights a more complex blinking profile, where the quantum dot 

intermittently enters long-lived off states, or photobleached. The intensity histogram is broader 

and less symmetric, with an extended tail toward lower intensities. This QD exhibits dynamic 

heterogeneity, with transitions between clearly defined on and off levels, but also significant 

fluctuation in intermediate intensity regions. Overall, these trajectories establish a baseline for 

comparing the effects of MV or other electron acceptors. The on/off state thresholds (black, red, 

and blue dashed lines) are used to discretize trajectories and quantify dwell times for future kinetic 

modeling. These bare QD trajectories are consistent with power-law distributed blinking 

commonly observed in colloidal QDs22,23,28 and serve as essential controls for interpreting 

quenching behavior in the presence of surface-bound electron acceptors. 

 Figure 7.4 displays representative single-molecule fluorescence trajectories of CdSe/CdS 

QDs in the presence of MV2+. These traces illustrate the quenching effect of MV2+ through 

increased frequency and persistence of off states, a hallmark of PET. Figure 7.4a shows a QD that 

exhibits nearly complete quenching for most of the recording duration, punctuated by short-lived 

ON excursions. The histogram reveals a narrow intensity distribution dominated by a single peak 

at low intensity, consistent with an MV-induced persistent off state. Both the on and off thresholds 

are indicated, but the histogram lacks a distinguishable on peak, emphasizing the suppression of 

emissive events. 
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 Figure 7.4b presents a QD with pronounced blinking behavior. The trajectory alternates 

between clear on and off levels, and the histogram shows a well-resolved bimodal distribution. 

Gaussian fits to the intensity data clearly differentiate two populations, enabling robust 

thresholding and dwell time analysis. The frequent switching and long off periods are indicative 

of MV-mediated PET events, where charge separation traps the QD in a non-emissive state. The 

histogram reveals a clear bimodal distribution, with a dominant off population. This behavior is 

consistent with efficient electron transfer to MV2+, trapping the QD in a non-emissive, oxidized 

state until slow back-electron transfer or MV desorption restores the on state. Figure 7.4c shows a 

QD that spends most of the measurement in the on state, but with intermittent dark excursions. 

The intensity histogram is asymmetric, with a broad on distribution and a lower frequency off 

population. While this QD retains relatively high brightness, the emergence of quenching events 

reflects partial MV binding or dynamic association–dissociation behavior.  

 

Figure 7.4 Representative single-QD blinking fluorescence intensity trajectories and corresponding intensity 
distributions for 3 different QD/ MV2+ pairs. The inset shows the widefield of the QD. The distributions are fit with 
two gaussian functions (blue and red dashed lines) and a mixed gaussian model (red solid line). The on (red dashed 
line), average (black dashed line), and off (blue dashed line) is determined from the average of the gaussian functions 
and when the two gaussian functions overlap.  

 Together, these trajectories demonstrate the PET-induced quenching effect of MV2+ on QD 

blinking. Compared to bare QDs (Figure 7.3), these MV-treated QDs display lower average 

intensities, increased off state frequency, and more suppressed on populations. This supports the 

hypothesis that surface-bound MV2+ modulates QD photophysics by accepting photoexcited 
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electrons, stabilizing the charge-separated state and extending the dark state dwell times. These 

single-particle measurements provide direct, high-resolution insight into the interaction dynamics 

between QDs and molecular electron acceptors, which is not easily accessible through ensemble 

measurements. 

7.5 Discussion  

Figure 7.3 and Figure 7.4 collectively demonstrate how methyl viologen (MV2+), a redox-

active electron acceptor, alters the fluorescence blinking behavior of individual CdSe/CdS 

quantum QDs. In Figure 7.3, which shows QDs in the absence of MV2+, the blinking trajectories 

are characterized by stochastic switching between emissive on and non-emissive off states. The 

frequency and duration of these transitions vary from particle to particle, but the majority of QDs 

exhibit relatively balanced on/off times or spend most of the time in the bright state. Histograms 

of emission intensity frequently show a clear bimodal distribution, and on state populations 

dominate in many cases. This native blinking is attributed to intrinsic processes such as charge 

trapping, surface states, and Auger-mediated nonradiative recombination. 

In contrast, Figure 7.4 presents QDs measured in the presence of MV2+ and reveals 

significant changes in blinking statistics. The trajectories display longer dark states and, in some 

cases, almost complete quenching of the PL (Figure 7.4a). The intensity histograms often skew 

toward lower intensities, indicating increased off state occupancy. Several trajectories exhibit 

frequent, long-lived off events, and the histograms show unimodal or even off-dominated 

distributions. This behavior is consistent with efficient PET from the QD to MV2+, which leads to 

fluorescence quenching by forming a charge-separated state. The persistence of the off state 

suggests that back-electron transfer is slow, supporting a model in which MV2+ stabilizes the 

oxidized QD and delays recovery of the emissive state. Additionally, some QDs in Figure 7.4c 
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retain intermittent bright states, implying partial quenching or dynamic binding/unbinding of 

MV2+. This heterogeneity highlights the molecule-to-molecule variation in binding strength and 

orientation, which is only accessible through single-molecule measurements.   

 Figure 7.5 compares the ensemble-compiled dwell time histograms for single-molecule 

blinking trajectories of CdSe/CdS QDs in the absence (blue) and presence (purple) of MV2+. These 

histograms represent the distribution of on-state durations collected from many individual 

trajectories. The shape of each distribution provides insight into the underlying photophysical 

dynamics that govern QD fluorescence intermittency. For bare QDs (blue distribution), the on-

time distribution displays a heavy-tailed, non-exponential decay with two prominent peaks. This 

behavior is well-described by a power-law distribution with exponential truncation, indicative of 

multiple blinking mechanisms and a broad range of rate constants governing return to the off 

state.28 The first peak corresponds to short-lived emissive bursts, while the second reflects longer 

on states before the QD transitions into a dark, non-emissive state. The broad tail of the distribution 

confirms that the blinking is governed by complex kinetics involving charge trapping/detrapping 

and Auger processes.23 

In contrast, the purple distribution shows the on-time distribution for QDs exposed to 

MV2+. Here, the distribution narrows significantly and lacks the long tail seen in the bare QDs. 

The overall distribution is well fit by a single exponential decay (red dashed line), suggesting a 

more uniform and faster transition from the on to off state. This change in statistical behavior is 

consistent with a quenching mechanism dominated by PET to MV2+. In this case, once the QD is 

excited, the electron is rapidly transferred to a bound MV2+ molecule, suppressing PL and 

shortening the duration of the on state. The reduced variability in on times across the population 

implies that the PET process introduces a more deterministic quenching pathway, overriding the 
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more complex intrinsic blinking dynamics observed in bare QDs. Together, these results reinforce 

the model in which MV2+ binding accelerates QD deactivation via PET and suggest that single-

molecule dwell time statistics can serve as sensitive indicators of molecular binding and electron 

transfer kinetics. The loss of heavy-tailed blinking upon MV addition provides direct evidence that 

electron acceptors reshape the fluorescence intermittency landscape, suppressing long-lived bright 

states and promoting efficient quenching pathways.  

 

Figure 7.5 Combined distribution of single-QD blinking fluorescence intensity trajectories of 744 bare QDs (blue 
distribution) and for 805 QD/MV2+ pairs (purple distribution). The inset shows the zoomed-in view of the QD/MV2+ 

pair distribution. The distributions are fit with two gaussian functions (blue and red dashed lines) and a mixed gaussian 
model (red solid line). The black solid lines are when the two gaussian functions overlap and the average of the 
QD/MV2+ pair distribution from the gaussian fitting.  

 

Scheme 7.1 schematically illustrates various photophysical and electron transfer pathways 

involved in QD blinking behavior, both in the absence and presence of a surface-bound electron 

acceptor such as MV2+. As shown in Scheme 7.1a, a photoexcited electron–hole pair (exciton) 

relaxes radiatively via band-edge recombination, resulting in photon emission (i.e., an on state). 

Scheme 7.1b introduces nonradiative pathways: the electron or hole may become trapped at 

surface states or defects, interrupting radiative recombination and resulting in a temporary off state. 

Such intrinsic blinking is characteristic of bare QDs and leads to power-law distributed dwell 

times.22,23,28 Scheme 7.1c shows possible multiexciton generation leading to Auger recombination, 
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where the energy of an exciton is non-radiatively transferred to a second charge carrier, further 

quenching emission and introducing blinking intermittency.23 Scheme 7.1d introduces an 

alternative deactivation route via PET to a molecular acceptor, MV2+. Upon excitation, the QD 

rapidly transfers its electron to MV2+, leaving behind a hole and forming a charge-separated state. 

Because the QD cation cannot emit a photon until the electron is returned (via back-electron 

transfer), the system remains in an off state. This process is central to quenching observed in MV-

treated QDs and results in mono-exponential on-time distributions, as shown in Figure 7.5. This 

schematic underscores the distinct mechanistic contributions to blinking: radiative vs. nonradiative 

decay, Auger recombination, and PET to external quenchers. The addition of MV2+ alters the 

blinking dynamics by introducing a fast and efficient pathway for deactivating the excited state, 

thereby reducing the frequency and duration of on events. It also illustrates why MV-induced 

blinking differs kinetically from native QD blinking, with fewer intermediate states and greater 

dwell-time regularity. This framework provides the physical basis for interpreting the changes in 

blinking statistics upon MV addition and supports the use of fluorescence intermittency as a probe 

for interfacial electron transfer kinetics. 

 

Scheme 7.1 Cartoon schematic illustrating various photophysical and electron transfer pathways involved QD 
blinking behavior, both in the absence and presence of a surface-bound electron acceptor such as MV2+.  

7.6 Conclusion  

This chapter demonstrates how single-molecule fluorescence blinking trajectories can be 

leveraged to probe the binding and charge transfer behavior of MV2+ on CdSe/CdS core-shell QDs. 

By comparing the blinking statistics of bare QDs to those treated with MV2+, we observed a distinct 
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increase in off state frequency and duration upon MV addition, consistent with efficient PET to 

the surface-bound redox-active acceptor. Single-particle trajectories revealed substantial 

heterogeneity across individual QDs, with some remaining mostly bright, others largely quenched, 

and many displaying intermediate blinking patterns. Intensity histograms and threshold-based 

dwell time analysis showed that MV not only shortened on-state durations, but also induced an 

apparent shift from power-law to mono-exponential kinetics, signaling a transition from intrinsic 

blinking to PET-mediated quenching. Ensemble dwell time histograms further confirmed that MV 

binding narrows the on-state distribution and suppresses long-lived emissive states. These findings 

were supported by Stern–Volmer analysis and biexponential lifetime fitting, which revealed that 

both PL intensity and lifetime decreased with increasing MV2+ concentration, indicative of 

dynamic quenching through surface-bound electron transfer. Mechanistic schematics and 

statistical modeling suggested that MV serves as a competitive deactivation pathway, stabilizing 

the charge-separated state and slowing recovery of fluorescence. Importantly, this study highlights 

that blinking trajectories encode rich mechanistic information not just about charge transfer rates, 

but also about molecular binding behavior, catalyst loading, and heterogeneity in interfacial 

interactions. By correlating changes in blinking statistics with MV2+ concentration and QD 

morphology, we establish a powerful, non-invasive method to quantify molecular-scale charge 

transfer processes. This approach lays the foundation for future efforts to spatially resolve catalyst 

distribution and optimize photocatalytic efficiency through single-nanocrystal analysis. 
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CHAPTER 8: SUMMARY AND OUTLOOK  

 
 
 

This dissertation research advances the nanoscale understanding of photonic and electronic 

processes in photocatalytic nanomaterials through the development and application of advanced 

optical spectroscopy and single-molecule imaging techniques. In response to the growing global 

need for sustainable energy solutions, the work explores how defect states, energy transfer (EnT) 

dynamics, photon recycling, and interfacial charge transfer govern the performance of hybrid 

semiconductor nanomaterials designed for solar energy conversion and photocatalysis. 

Chapters 1 through 5 establish a framework for understanding defect-mediated energy 

transfer in colloidal zinc oxide (ZnO) nanocrystals (NCs) coupled to molecular dye acceptors. 

Chapter 2 demonstrates a Förster resonance energy transfer (FRET) spectroscopy-based approach 

that can assess the permeability of molecules through PEG-coated ZnO NCs. In this approach, 

ZnO NCs serve as FRET donors and freely diffusing molecules in the bulk solution are FRET 

acceptors. We quantified the EnT efficiency as a function of ligand chain length using time-

resolved photoluminescence lifetime (TRPL) spectroscopy and within the framework of FRET 

theory. Chapter 3 introduces single-molecule fluorescence microscopy to localize active donor–

acceptor pairs and identify the nanoscale origin of energy transfer heterogeneity. Chapter 4 

quantifies how sample-to-sample variability affects energy transfer efficiency by analyzing 

hundreds of single NC/dye conjugates, revealing that 80% of specifically bound NC/dye pairs 

exhibit high EnT activity. Chapter 5 provides future directions and potential experiments to 

measure the defect donor dipole and assesses photon directionality in NC/dye systems. 

 Chapter 6 shifts focus to photon recycling, a photonic strategy for enhancing light 
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utilization in nanowire arrays. Using hyperspectral imaging and photoluminescence mapping, the 

study reveals that driving forces for photon communication were charge-carrier diffusion through 

the substate and demonstrates that spatial PL measurements are influenced not only by optical 

coupling mechanisms, such as scattering and photon recycling, but also by electronic coupling 

arising from charge-carrier diffusion in NW arrays. Chapter 7 builds upon the photophysical 

foundation laid in earlier chapters by addressing the dynamics of interfacial electron transfer at the 

single-nanocrystal level. Specifically, it investigates CdSe/CdS core-shell quantum dots 

interacting with methyl viologen, a model electron acceptor. Through total internal reflection 

fluorescence (TIRF) microscopy and statistical dwell time analysis, the work shows that PET to 

MV2+ modifies QD blinking behavior, increases off-state frequency, and reshapes on-time 

distributions from power-law to mono-exponential forms. These findings provide direct kinetic 

evidence for surface-bound charge separation and quantify how acceptor binding modulates QD 

photophysics. The chapter further demonstrates that single-molecule blinking analysis can be used 

to extract molecular binding behavior and PET kinetics with nanometer-scale resolution, 

capabilities that traditional ensemble measurements cannot offer. 

Together, the chapters in this dissertation present a unified strategy for dissecting photonic 

and electronic transfer pathways at the single-particle level, providing new methodologies for 

optimizing nanomaterial systems for solar-to-chemical conversion. By integrating ensemble and 

single-molecule techniques, this work not only uncovers fundamental mechanisms of light 

harvesting and charge separation, but also provides design rules for tailoring nanomaterial 

interfaces to enhance photocatalytic performance. 
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APPENDICES 
 
 

APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 2 
 
 
A1.  Absorbance Spectra of PEG-Silane Ligands  

  
 Figure A1 shows absorbance spectra of all PEG ligand chain lengths. The ligands exhibit 

negligible light absorption at the 340 nm excitation wavelength chosen for the steady-state and 

time-resolved PL experiments. The concentration of all the PEG-silane ligands in ethanol was 

0.0104 M.  

 

Figure A1. Absorbance spectra for all PEG-silane ligands measured in ethanol.    

A2. ZnO Size Determination via XRD 

The XRD peak profiles of ZnO NCs were analyzed by the Halder-Wagner (H-W) method 

to extract crystal size from XRD peak broadening.1,2 The H-W method is based on the assumption 

that peak broadening is a convolution of both Lorentzian and Gaussian functions.1,2 The full width 

at half maximum of the physical profile can be written per Halder-Wagner method as:  

 (𝛽ℎ𝜅ℓ∗𝒹ℎ𝜅ℓ∗ )2 =  1𝐷 𝛽ℎ𝜅ℓ∗𝒹ℎ𝜅ℓ∗ 2 + (𝜀2)2
 Eq. A1 
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where  𝛽ℎ𝜅ℓ∗ =  𝛽ℎ𝜅ℓ𝑐𝑜𝑠𝜃𝜆 , the full width at half of the maximum intensity for different diffraction 

planes and 𝒹ℎ𝜅ℓ∗ = 2𝑑ℎ𝜅ℓ𝑠𝑖𝑛𝜃𝜆  , the lattice distance between the (hkl) planes and for a cubic crystal, 

D represents the crystallite size in nm and  𝜀 represents the lattice strain.1,2 

Figure A2 shows the H-W size analysis for the ZnO-3 sample with (𝛽ℎ𝜅ℓ∗ /𝒹ℎ𝜅ℓ∗ 2) term along 

the x-axis and (𝛽ℎ𝜅ℓ∗ /𝒹ℎ𝜅ℓ∗ )2 along the y-axis for each peak of the XRD pattern. The black line 

represents a linear fit to the data, where the slope and intercept report on the average crystallite 

size and intrinsic lattice strain, respectively. The estimated standard deviation (E.S.D.), a measure 

of certainty associated with each data point, is used to calculate the average particle size, as shown 

by the red data points. 

 

Figure A2. Representative H-W plot for the ZnO-3 sample, where (𝛽ℎ𝜅ℓ∗ /𝒹ℎ𝜅ℓ∗ 2
) is the x axis and (𝛽ℎ𝜅ℓ∗ /𝒹ℎ𝜅ℓ∗ )2 is the y 

axis.  The red dots show the E.S.D to calculate the average particle size. The gray line shows the equation 
(Y=0.028(2)X – 0.0002(4)) used for fitting. 

A3. IRF Deconvolution  

TRPL data was deconvoluted from the IRF. Figure A3 shows the IRF deconvolution 

procedure using an IRF deconvolution fit (red line). This allows us to separate the sample response 

from the instrument response. The raw data is shown as the black data points and the IRF is shown 

as the blue line. The deconvoluted fits were used for further TRPL analysis.  
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Figure A3. Example of TRPL deconvolution fitting. Raw TRPL decay of ZnO NCs (black points), the IRF (blue), 
and the deconvoluted fit (red). 

A4. A555 Dye Control  

Figure A4 shows the steady-state PL spectrum of A555 dye excited with 340 nm light. This 

excitation wavelength was the same excitation energy used for steady-state and time-resolved 

FRET experiments. Figure A4 shows minimal dye emission counts when the dye alone is excited 

with 340 nm light.  

 

Figure A4. Steady-state PL spectrum of 128 nM A555 in ethanol with 340 nm excitation light. 

A5. Stochastic Binding Model: TRPL Analysis  

Figure A5 shows TRPL decay curves for all ZnO NC samples. TRPL decay curves for ZnO 

NCs alone were fit with Eq. 1 from the main text. Decay curves for mixtures of NCs and A555 
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were fit with Eq. 2 from the main text. Additionally, each NC sample was exposed to high bulk 

dye (300 nM) to observe the maximum possible EnT efficiency when, presumably, every possible 

surface binding site was occupied by acceptor molecules (pink data points). 

 

Figure A5. TRPL decay curves for all ZnO samples. Black data points are ZnO NCs alone, blue points are mixtures 
of ZnO NCs and A555 dye (2-128 nM dye), pink data points are ZnO NCs exposed to a saturated concentration of 
A555 dye (300 nM). Red lines are fits using Eqs. 5 and 6. a) ZnO-0 b) ZnO-3 c) ZnO-(6-9) d) ZnO-(9-12) e) ZnO-
(21-24). 

A6. Langmuir Adsorption Isotherm 

The stochastic binding model assumes a Langmuir adsorption isotherm.3,4 λs vs [A555] 

data were fit with the Eq. A2 where [Aad] is the concentration of adsorbed dye molecules, K is the 

Langmuir equilibrium constant, [A] is the concentration of dye added to the solution in nM, and 

S0 is the number of available binding sites. Here, 𝜆S = [𝐴ad]. Values of K obtained from the TRPL 

fitting procedure are shown in Figure A6.  

 [𝐴𝑎𝑑] = 𝐾[𝐴]1 + 𝐾[𝐴] 𝑆0 Eq. A2 
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Figure A6. Equilibrium binding constant, K, calculated with Eq. A2 for all ZnO samples. 

A7. Forster Radius Calculation  

We calculate R0 according to Eq. A3:  

 𝑅0 = √9000 ln(10)𝜅2𝑄𝐷𝐽128𝜋5𝑁𝐴𝑛46
 Eq. A3 

 

where κ2 is the orientation factor that accounts for the relative orientation of the donor and acceptor 

dipoles (assuming κ2 = 2/3).3 QD is the emission quantum yield of the donor in the absence of the 

acceptor. J is the overlap integral of the donor emission and acceptor absorbance, NA is 

Avogadro’s constant, and n is the refractive index of the medium.  

A8. Lower Magnification TEM Images 

Figure A7 shows lower magnification TEM images of Figure 2.6a,b in the main text.  
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Figure A7. Lower magnification TEM images of ZnO nanoparticles on lacey carbon TEM grid. a) Uncoated ZnO 
particle aggregate suspended over a hole in the lacey carbon grid. Red box indicates region shown in Figure 2.6a. b) 
PEG-silane-coated ZnO particles forming layered film of ZnO nanoparticles suspended over a hole in the lacey carbon 
grid. Red box indicates region shown in Figure 2.6b. 

 
Table A1. Photophysical properties of all ZnO NCs. Uncertainties are 95% confidence intervals from the fits. ZnO-0 
NC concentration was estimated from previous work performed by Nilsson et al.5 
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 3 
 
 

B1. Sample Preparation 

ZnO NCs were synthesized following the procedure in our previous publication with the 

only modification being that a single aliquot was taken after 6 hours reaction time. This method 

yielded 4.5 nm-diameter particles based on the size series depicted in reference S1.1 ZnO NC-

coated quartz slides were typically prepared by spin coating 70-150 nM solutions of ZnO NCs 

onto a cleaned quartz slide at 1000 RPM. A 0.1 nM ethanolic solution of A555 dye was drop-cast 

directly on top of the NCs. The droplet of dye was allowed to stand on the slide for one minute 

before being completely removed by brisk nitrogen stream. The quartz slides were pre-cleaned by 

immersion in a 3:1 solution of sulfuric acid and hydrogen peroxide for at least 12 hours. Slides 

were then rinsed with 10 M water and stored in spectrophotometric grade ethanol until use.  

Immediately prior to placing the sample on the microscope, a #1 glass coverslip was placed 

onto the sample side of the slide, sandwiching a drop of Immersol W 2010 immersion oil (Zeiss) 

between the slide and coverslip. The immersion oil solvent kept the NCs and dyes adsorbed on the 

quartz slide because neither object was soluble in that solvent. We also observed that the NC 

emission was more stable in Immersol media than in air, presumably because O2 quenches the 

ZnO defect emission.2 

B2. Imaging Setup and Data Acquisition 

Fluorescence images were acquired using the total internal reflection fluorescence (TIRF) 

setup pictured in Figure 3.3a of the main text. The sample was placed onto an Olympus IX73 

inverted microscope with the coverslip side facing down and brought into optical focus using 

transmitted white light. Next, a small drop of index matching oil was placed onto the top surface 

of the slide and a quartz prism was placed on top of the oil and held in place so that the sample 
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slide could move freely under the prism while maintaining good contact. 355 and 532 nm laser 

light was directed into the prism at the critical angle for TIR. The evanescent excitation field 

excited NCs and molecules on the slide surface while limiting the penetration of the field into the 

bulk solution, reducing background signal.  

Illumination was provided by two laser sources: a 355 nm laser (Coherent Genesis CX) 

selectively excites the ZnO NCs while the 532 nm laser (Coherent Obis) selectively excites the 

A555 molecules. Photons emitted from the sample were collected through a 60× microscope 

objective (NA = 1.2, Olympus, UPLANSAPO60x/W) before passing through a long pass filter 

(cutoff wavelength: 440 nm). Then the photons enter the image splitter (Hamamatsu Gemini W-

view) which uses a dichroic mirror (cutoff wavelength: 550 nm) to split the image based on 

wavelength. One image is the “dye channel” because the photon stream passes through a 585/40 

bandpass filter. The second bandpass filter (490/60) was chosen to pass the ZnO defect emission 

and exclude any photons from A555, forming the “defect channel”. 

The two channels were projected onto an EMCCD camera (Andor iXon 897) to produce a 

single image, split vertically (Figure B1). The split images allow for the behavior of the NCs to be 

observed without interference from A555 by using the defect channel while also allowing for 

observations of the A555 in the dye channel. Data was acquired as a stream of fluorescence images 

from the camera, forming a “movie”. Movies were analyzed to determine the behavior of the ZnO 

and A555 separately after they had been mixed following the sample preparation procedure 

outlined above. Because the ZnO defect emission is so broad, the NC emission should appear in 

both channels, making the NCs easy to distinguish from non-NC objects.  
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Figure B1. Cartoon depiction of the prism-type total internal reflection fluorescence microscopy setup.  

B3. Image Processing 

B.3.1 Segmenting movies by 355 nm and 532 nm laser illumination 

In a typical experiment both laser sources are used to observe the locations of A555 

molecules using 532 nm excitation and the behavior of ZnO NCs with 355 nm excitation. The 

sample is exposed to each laser in one second pulses with half a second of dark time between each 

pulse. Alternating the excitation wavelength allows for A555 molecules to be observed 

independently of the NCs throughout the entire movie. The movies can then segmented according 

to the illumination condition (355 or 532 nm excitation) and detection channel (dye or defect).  

We used MATLAB to segment the images of an entire movie according to the illumination 

condition. To do so, we calculated the average frame intensity trajectory from all pixels of every 

image shown in Figure B1-bottom left, creating the average pixel intensity verses time plot shown 

in Figure B2a. Figure B2b shows a zoom-in view of the first 60 s of the experiment. Here, the 

average pixel intensity (black line) shows distinct square-wave-like features due to the alternating 

excitation source. The two lasers create two distinct intensity levels visible in Figure B2b. The 355 

nm laser produces higher intensity peaks than the 532 nm excitation laser. We determine the laser 
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on/off points by taking the derivative of the trajectory in Figure B2a and determining the distinct 

positive and negative derivative transitions using blue and green triangles (the results are shown 

in Figure B2b). 

 

Figure B2. a) Representative average pixel value versus time trajectories from all images in the movie with 0.1 nM A555 
deposited onto ZnO NCs. b) The same trajectory as shown in a) but with a shortened time axis to better show the data. 
Blue triangles in b) mark the frames where  the 355 nm laser turns on and off. The green triangles mark the frames 
where the 532 nm laser turns on and off. 

B.3.2 Selecting regions of interest (ROIs) and transforming ROIs from the defect channel to the 

dye channel 

Having segmented the movies by illumination condition, we selected ROIs in the defect 

channel and transformed them to the dye channel to ensure our intensity trajectory calculations of 

NCs and dyes under 355 nm and 532 nm illumination originated from the same locations in the 

image. This step was necessary because NCs do not appear in the dye channel under 532 nm 

illumination and dye molecules do not appear in either channel under 355 nm illumination. To do 

so, we computed a single average image from all frames under 355 nm illumination (Figure B3a). 

We clicked the centroid position of each bright object in the defect channel during 355 nm 

excitation and created a 4×4 pixel box centered around each bright spot (a subset of ROIs are 

shown in Figure B3b-left). Those ROIs will be referred to as the NC ROIs to distinguish them 

from dye ROIs. This procedure yielded 1,078 NC ROIs (see Scheme B1 below). We also created 
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background NC ROIs of equal size and adjacent to the NC ROIs to create background subtracted 

PL intensity trajectories (see Figure B4).  

 

Figure B3. Fluorescence images of ZnO NCs under 6mW 355 nm excitation projected through the image splitter. The 
yellow circles in a) denote the spots that were used to calculate the transformation matrix. b) Results of the 
transformation process, where the ROIs   in the defect channel (green boxes) were transformed to the dye channel 
(yellow  boxes). Background ROIs are omitted from this image for clarity. 

 
 

Figure B4. Cropped fluorescence image showing NC ROIs (blue squares define the corners) and background NC 
ROIs (cyan squares). 

After creating the ROIs in the ZnO defect channel, they were transformed to the dye 

channel using a geometric transformation matrix. The matrix was created by selecting sets of 

matching coordinates in both images; ZnO NCs appear in both channels under 355 nm laser 

illumination (Figure B3a). These sets of points were passed to the MATLAB function 

“fitgeotrans”, which outputs a geometric transformation matrix. The transformation matrix is then 

applied to the vertices of the ROIs created in the defect channel, creating a new set of vertices 

which have been translated onto the dye channel, as shown in Figure B3b. This transformation is 

applied to both the NC ROIs and the background ROIs. We estimate the error in the overlay 

procedure is 25 nm.3 After selecting the ROIs, the average pixel intensity in each ROI of each 
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frame was calculated for both channels. This forms an intensity versus time trajectory for any ROI, 

as shown in the main text.  

Dye ROIs were created by averaging frames in the dye channel during 532 nm excitation 

(Figure B5). We clicked the centroid position of each bright object in the dye channel during 532 

nm excitation and created a 4×4 pixel box centered around each bright spot. 

      

Figure B5. Fluorescence image of A555 molecules under 6mW 532 nm excitation. Green boxes represent the vertices 
of the dye ROIs. 

B.3.3. Distinguishing Single Nanocrystals from Nanocrystal clusters.  

The ZnO NC coverage on the quartz substrate is heterogeneous, containing both single 

ZnO NCs and NC clusters. For example, Figure B6 shows a florescence image of ZnO NCs under 

355 nm excitation. The yellow arrows indicate two objects in each channel that are much larger 

and brighter than most of the other objects in the image. These large, bright spots can likely be 

attributed to NC clusters. We developed the following image analysis algorithm, schematically 

shown in Scheme B1, to quantitatively distinguish single NCs from NC clusters.  

 

Figure B6. Wide field florescence image of ZnO nanocrystals. Yellow arrows point to objects that are considerably 
larger and brighter than the majority of other objects (clusters).  

Dye Channel Defect Channel 
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Scheme B1. Flow chart outlining the image analysis algorithm and filtering steps to quantify single dye molecules, 
single NCs, and specifically and non-specifically bound NC/dye pairs. “Th” represents threshold value. The numbers 
in parenthesis represent the number of filtered entities after each step. 

To separate single NCs from NC clusters, we calculated the intensity for all 1,078 NC 

ROIs. Figure B7 shows a representative histogram for one of our movies of the average intensity 

values from the last 25 frames from all ROIs in the defect channel during 355 nm excitation. We 

assign the large population at low intensity to single NCs and the high intensity objects to clusters. 

We defined an intensity threshold for single NCs by fitting the large population with a single 
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component Gaussian function to establish the mean (µ) and standard deviation () of the single 

particle population. The intensity threshold (Th in Scheme B1) was defined as three times the 

standard deviation above the mean (µ+3). The vertical grey line in Figure B7 serves as the 

intensity threshold for single ZnO NCs, meaning any NC whose intensity is less than this amount 

is defined as a single ZnO NC. We repeat this procedure for each movie.  

 

Figure B7. Histogram of average PL emission intensity of all bright objects in the defect channel under 355 nm 
excitation. The red line is a Gaussian fit to the large population at low intensity that can be assigned to single ZnO 
NCs. The vertical line represents the mean plus 3 standard deviations of the Gaussian fit result. That vertical line 
serves as the intensity threshold for single ZnO NCs, meaning any NC whose intensity is less than this amount is 
defined as a single ZnO NC. 

B.3.4. Do single NCs also have a dye molecule located in the same diffraction-limited volume?  

To determine which NCs do and do not have a dye molecule present in the same ROI, we 

examined the intensity trajectory from an NC ROI in the dye channel during 532 nm excitation. 

Figure B10a shows a representative trajectory of a dye molecules observed in the dye channel 

under 532 nm excitation. To determine whether a dye molecule was also present in the same NC 

ROI, we calculated the average intensity of the first 10 frames and subtracted that value from the 
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average intensity of the last 10 frames. Figure B8 shows a representative histogram of those results 

for one movie and was repeated for all 867 single NCs. We observed a large, low intensity 

population that can be attributed to “empty” ROIs. The high intensity population can be attributed 

to dye molecules that are initially present in the ROI. Fluorescence intensity trajectories of the 

diffraction-limited spots show single-step photobleaching (Figure B10), further confirming our 

assignment of these spots as single molecules. We fit the histogram with a Gaussian function to 

establish a mean and standard deviation for the low intensity “empty” population. We defined an 

intensity threshold as three times the standard deviation above the mean (µ + 3). Any objects 

greater than this threshold (gray line in Figure B8) are defined as dye molecules in a NC ROI. In 

doing so, we identify all single NCs with a dye molecule located in the same diffraction-limited 

space. 

 

Figure B8. Histogram of NC ROI intensities located in the dye channel under 532 nm excitation. The intensities 
represent the average intensity of the last 10 frames subtracted from the average intensity of the first 10 frames. The 
red line is a Gaussian fit to the large population at low intensity that can be assigned to non-dye objects present in the 
ROI. The vertical line represents the mean plus 3 standard deviations of the Gaussian fit result. The vertical line serves 
as the intensity threshold for A555 dyes, meaning any ROI whose intensity is greater than this amount is defined as a 
dye. 

B.3.5. Distinguishing specifically bound from non-specifically-bound NC/dye pairs  
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The details of the super-resolution imaging analysis and MATLAB code are provided in 

the Supplementary Information of Sambur et al3. Super-resolution analysis fits were performed for 

the 78 candidate ROIs that contain a single NC and a dye molecule. Each candidate spot in each 

frame was fit with a 2D Gaussian function during the first 1 s under both 355 and 532 nm excitation 

to determine the centroid position of the NC and dye, respectively. We obtain the centroid positions 

of the dye and NC during the first 1 s of the experiment (see blue and green data points in Figure 

3.4 of the main text). We calculated the localization error according to Eq. 6 in Mortensen et al.4 

and plotted those values as error bars on the blue and green data points in Figure 3.4 of the main 

text. Figure B9 shows the distribution of localization error values in both x and y dimensions for 

NC ROIs under 355 nm illumination. The average localization error is 39.7 nm.  

 

Figure B9. Histogram of the localization error in both the x and y dimensions for ZnO NC ROIs illuminated with 355 
nm light. The values were calculated according to ref. 4. The gray bar represents the average localization error (39.7 
nm). 

To distinguish specifically bound versus non-specifically bound NC-dye pairs, we first 

assumed the NC and dye do not move during the acquisition time and, therefore, calculated the 

average x and y coordinates of the NC and dye to determine their positions with super-optical 



203 
 

resolution (large black data points in Figure 3.4 of the main text). We also calculated the standard 

deviation () of the centroid positions of the dye and NC from all the individual frames. dye and 

NC represents the error in the mean position of the dye and NC, respectively (indicated by a circle 

with radius µ in Figure 3.4 of the main text). Note, the error in the overlay procedure (erroverlay) is 

approximately 25 nm.3 If the separation distance between the NC and dye were less than (dye + 

NC +erroverlay), then we defined the NC-dye pair as specifically bound. 

B4. Photobleaching Behavior  

Fluorescence intensity trajectories of single dye molecules exhibited abrupt 

photobleaching. Figure B10 shows a trajectory from an ROI in the dye channel under 532 nm 

excitation. Only the intensity values recorded during 532 nm excitation are shown. Two sharp 

intensity drops are observed, one at early times and another at 125 seconds. These intensity drops 

are likely caused by sequential photobleaching events of two different molecules. Figure B10b 

shows a histogram of these photobleaching events for 296 dye molecules. The average photobleach 

time was 53 seconds (red line), which is long enough to observe intensity fluctuations in the defect 

channel under 355 nm excitation. 

 

Figure B10. Intensity trajectory from a single dye ROI under 532 nm excitation. a) intensity trajectory from a ROI 
created in the dye channel. Each blue point represents the average intensity inside the ROI during one frame of the 
movie. b) Histogram of photobleach times for 296 A555 dye molecules. The red line displays the average photobleach 
time of 53 seconds.  
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B5. Estimating the Number of Defect Sites per NC 

Table B1 displays calculations of defects/NC based on previously reported defect 

concentrations. To calculate defects/NC, it was assumed that the NCs were a sphere, and the NC 

volume was calculated from the TEM data in Figure 3.2a of the main text. 

  Table B1. Calculated defects/NC based on previously reported defect concentrations. 

B6. Monte Carlo Simulations of NC-Dye Coverages 

We performed Monte Carlo simulations to calculate how many non-specifically bound NC-

dye pairs one would expect to observe based on random co-localization. We randomly placed 145 

NCs and 244 dye molecules in a 44.4 m × 64.9 m area (corresponding to a 167 pixel × 244 pixel 

region of our image) and determined the number of occurrences where 1 NC and 1 dye were 
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located within a 266 nm × 266 nm area (one square pixel). The NC and dye quantities correspond 

to the average number of NCs and dyes observed after 6 deposition experiments. We observed at 

least one non-specifically bound NC-dye pair in 5,808/10,000 simulations, and 8,664 total pairs 

(Figure B11). Therefore, one would expect to observe one non-specifically bound NC-dye pair in 

58% of the deposition experiments. Experimentally, we observed 73 non-specifically bound NC-

dye pairs in 6 deposition experiments. The higher number of experimental observations is likely 

because the carboxylic acid group interacts with the oxide surface. The Monte Carlo simulations 

did not consider interactions between the NCs and dyes. 

 

Figure B11. Distribution of the number of non-specifically bound NC-dye pairs observed after randomly placing 145 
NCs and 244 dye molecules in a 44.4 m × 64.9 m area. The results represent the cumulative number of pairs 
observed after 10,000 Monte Carlo simulations. 
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APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 4 
 
 
C1. TEM and Size Analysis of APTMS-capped ZnO NCs  

 ZnO NC diameters were determined by bright-field TEM imaging modes. The diameters of 

50 NCs from each sample were measured using Fiji software.1,2 Figure C1 shows histograms and 

single-component Gaussian fits that yielded the mean (5.2 nm) and standard deviation (1.2 nm) 

for the NC diameter. Figure C2 shows additional high-resolution TEM images of APTMS-capped 

ZnO NCs.  

 

Figure C1. Determination of ZnO NC diameters. Bright-field TEM images of NC samples and nanocrystal size 
distribution for 50 nanocrystals.  

 
Figure C2. Additional high-resolution bright-field TEM images of APTMS-capped ZnO NCs on a lacey carbon grid.  

 

C2. STEM-EDS Imaging of A555/APTMS/ZnO Conjugates 

A high-angle annular dark-field (HAADF) scanning transmission electron microscopy 

(STEM) image of the A555/APTMS/ZnO conjugate sample is shown in Figure C3a. The 

corresponding X-ray energy-dispersive spectroscopy (EDS) maps and spectrum (Figure C3b) 
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confirm zinc (Zn) and oxygen (O) from the ZnO NCs. Additionally, the presence of silicon (Si) is 

detected, consistent with the APTMS coating. Although sulfur (S) was expected due to its 

elemental presence in the A555 dye, it was not detected in the EDS analysis, likely due to the small 

atomic percentage of S if, on average, the sample consists of 40% isolated ZnO NCs and 60% of 

1 dye/NC nanoconjugates.  

 

Figure C3. HAADF-STEM image of A555/APTMS/ZnO conjugates with corresponding STEM-EDS elemental 
mapping of Zn, O, Si, and S. (b) Corresponding STEM-EDS spectrum.  
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Table C1. Statistical comparison of the populations before and after the intensity thresholding procedure to quantify 
single NCs for the conjugated sample (current study) and randomly mixed sample (previous study).3 Single NCs were 
further analyzed for identification of specifically bound NC/dye pairs as described in the main text.  

 
C3. Widefield PL Images 

Figure C4 shows the widefield images for the trajectories shown in Figure 4.4 of the main 

text. Figure C4a shows an isolated ZnO NC under 532 nm excitation and Figure C4b shows an 

isolated ZnO NC under 355 nm excitation. (c-d),(e-f) same as (a-b) for a non-specifically bound 

NC/dye pair and a specifically bound NC/dye pair respectively. To obtain single-molecule PL 

intensity trajectories, we clicked the centroid of each bright object in the dye channel under 532 

nm excitation and in the defect channel during 355 nm excitation and created a 4-by-4 pixel boxes, 

in which the intensity is averaged over the duration of the movie. The pink boxes are located dye 

molecules and the blue boxes are located ZnO NCs.  

 

NC Case  
Fractional Population in 

Conjugated Sample  
Fractional Population in 

Randomly Mixed Sample  

Total NCs 182 1078 

Single NCs  155/182 (85%) 867 (80%) 

Clusters 27/182 (15%) 211 (20%) 
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Figure C4. Widefield PL images corresponding to the trajectories shown in Figure 4.4 of the main text of (a) an 
isolated ZnO NC under 532 nm excitation and (b) an isolated ZnO NC under 355 nm excitation. (c-d),(e-f) same as 
(a-b) for a non-specifically bound NC/dye pair and a specifically bound NC/dye pair respectively.  

C4. Localization Precision Determination  

 We calculated the localization error according to Eq. 6 in Mortensen et al.3 and plotted those 

values as error bars for the blue and pink data points in Figure 4.4 of the main text. Figure C5 

shows the distribution of localization error values in both x and y dimensions for NC ROIs under 

355 nm illumination. The average localization error is 30.6 nm, determined from the Gaussian fit 

(red dashed line).  
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Figure C5. Histogram of the localization error in both the x and y dimensions for ZnO NC ROIs illuminated with 355 
nm light. The values were calculated according to Ref. 3. The average localization error (30.6 nm) was determined 
via Gaussian fitting (red dashed line).  

C5. Event Analysis  

Figure C6 shows the event analysis determination procedure for the specifically bound 

NC/dye pair as shown in Figure 4.4q of the main text. Figure C6a shows the same trajectory as 

shown in Figure 4.4q of the main text, where instead of the channel ratio being shown, the 

fluctuation magnitude is shown (turquoise points), which is calculated by taking the difference 

between the average channel ratio value (red dashed line in Figure 4.4q of the main text) and each 

channel ratio value (white points in Figure 4.4q of the main text) at every frame. Figure C6b shows 

the corresponding fluctuation magnitude distribution. Figure C6c-d is the same as Figure C6a-b, 

with the labeled positive and negative events depicted as red and blue stars respectively as 

determined from the global threshold analysis shown in Figure 4.5a of the main text.   
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Figure C6. Event analysis determination for the specifically bound NC/dye pair as shown in Figure 4.4q of the main 
text. (a) Figure 4.4q of the main text with fluctuation magnitude (turquoise points), calculated by taking the difference 
between the average channel ratio value (red dashed line in Figure 4.4q of the main text) and each channel ratio value 
(white points in Figure 4.4q of the main text) at every frame. (b) Corresponding fluctuation magnitude distribution 
with a gaussian fit (blue dashed line). (c) labeled positive (red stars) and negative events (blue stars) with 
corresponding positive and negative thresholds (red and blue solid lines) as determined from global threshold analysis 
shown in Figure 4.5 of the main text. (d) Corresponding fluctuation magnitude distribution showing the positive and 
negative events.  

To further investigate events in the candidate pair trajectories, a custom Matlab script 

compares positive and negative events in candidate pair trajectories as a function of donor-to-

acceptor distances using super-resolution fluorescence data. First, the script cross-references the 

frame numbers of the identified positive and negative events from our super-resolution data. This 

step involves extracting the frame numbers where these events occur and matching them to the 

corresponding rows in the super-resolution dataset. Separate analyses are performed for data 

collected under both 355 nm and 532 nm excitations. A key parameter, “nogreenframestoavg”, 

determines the number of acceptor frames averaged for precise position estimation. The script 

iterates through positive fluorescence events for each trajectory and extracts donor coordinates 

under 355 nm excitation and corresponding acceptor coordinates under 532 nm excitation for the 

nearest time frame. The donor-acceptor distance is computed for each event using Euclidean 

distance, with error propagation performed to estimate the uncertainty in distance measurements. 
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For each trajectory, the channel ratio is computed, and its error is determined using standard error 

propagation based on the relative uncertainties of dye and defect intensities. The deviation of the 

ratio from its trajectory average is then calculated, with its error derived by combining the 

uncertainties of the ratio and the average value. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



214 
 

REFERENCES 

(1)  Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; 
Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.; Tinevez, J.-Y.; White, D. J.; Hartenstein, V.; 
Eliceiri, K.; Tomancak, P.; Cardona, A. Fiji: An Open-Source Platform for Biological-Image 
Analysis. Nat. Methods 2012, 9 (7), 676–682. https://doi.org/10.1038/nmeth.2019. 
(2)  Schneider, C. A.; Rasband, W. S.; Eliceiri, K. W. NIH Image to ImageJ: 25 Years of Image 
Analysis. Nat. Methods 2012, 9 (7), 671–675. https://doi.org/10.1038/nmeth.2089. 
(3)  Mortensen, K. I.; Churchman, L. S.; Spudich, J. A.; Flyvbjerg, H. Optimized Localization 
Analysis for Single-Molecule Tracking and Super-Resolution Microscopy. Nat. Methods 2010, 7 
(5), 377–381. https://doi.org/10.1038/nmeth.1447. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



215 
 

APPENDIX D: SUPPORTING INFORMATION FOR CHAPTER 6 
 

D1. Material Fabrication 

The fabrication sequence of Indium Phosphide (InP) nanowire (NW) arrays is outlined in 

Figure D1. The process begins with a cleaning step for the n-InP wafer (AXT, Inc.) with Oxygen 

plasma at 100W setting for 1 min, followed by spin-coating DisChem SurPass3000 as the adhesion 

promoter at 3000 rpm for 30s. The InP wafer was rinsed with deionized water for 60 seconds, 

followed by a baking step on the hot plate at 180 °C for 5 min. DisChem HSi-Q 6% is spin-coated 

onto the substrate at 1000 rpm, followed by annealing at 120 °C for 2 min.  

 

Figure D1. Schematic flowchart depicting the steps for the fabrication process of GaN coated InP NWs on an InP 
substrate. The key steps shown include e-beam lithography, RIE, and ALD.  

The NW array patterns are defined with a Raith EBPG 5200+ electron beam lithography 

system. The beam file with a 150 nA current and 400 um aperture is selected, resulting in a spot 

size of 58 nm. The electron beam dose for the NW array patterns is set to 3,600 uC/cm2. The 

exposed InP wafer is developed in 25% Tetramethylammonium hydroxide (TMAH) solution at 

room temperature for 30 seconds, then rinsed with deionized water for 1 min. The pattern is then 

etched into the InP substrate via a chlorine-based Reactive Ion Etching (RIE) process by Oxford 

PlasmaPro 100 Cobra ICP-RIE system.1 Hydrogen, Argon, and Chlorine gas flowrates are set to 

12, 4, and 7 sccm, respectively. The Radio Frequency (RF) power is set to 120W, and the 

Inductively Coupled Plasma (ICP) power is set to 1000W during etching. The etching time is 4 

min and 30 seconds, resulting in an etching depth of ~2um. The patterned e-beam resist is lifted-
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off by soaking in 10:1 Buffered Oxide Etchant for 1 min, followed by rinsing in deionized water 

for 1 min.  

          The gallium nitride (GaN) passivation layer deposition was performed by Ultratech Fiji G2 

Atomic Layer Deposition (ALD) system. Trimethylgallium (TMGa, Strem Chemicals, 99.9999%-

Ga) was used as the gallium precursor, and Nitrogen plasma served as the nitrogen precursor. 

Ultra-high purity grade Argon and Nitrogen gas tanks (Airgas, Inc.) were used as the gas supply 

for the ALD system. The temperatures of the TMGa precursor cylinder, the delivery line, and the 

susceptor were maintained at 25 °C, 150 °C, and 350 °C respectively. Each ALD cycle consisted 

of a 0.015 s pulse of TMGa at a flow rate of 30 sccm Argon carrier gas, 80 sccm Argon plasma, 

and 5sccm Nitrogen gas with turbo pump disconnected, resulting in a process pressure of 0.16 

mbar. Subsequently, within a 60-second timeframe, the ALD cycle continued with three 20-second 

intervals of 300 W plasma. These intervals involved simultaneous flow rates of 30 sccm Argon 

carrier gas, 200 sccm Argon plasma, and 40 sccm Nitrogen gas, with the turbo pump connected 

and maintaining a process pressure of 0.04 mbar. Notably, within these 60 seconds, the plasma 

power, specifically set at 300 W, underwent intermittent activation and deactivation cycles. A total 

of 200 super cycles are performed while the InP NW sample is in the ALD chamber, resulting in 

a GaN layer with thickness of 8 nm measured by Ellipsometry (J.A. Woollam M-2000).  

D2. Material Characterization 

D.2.1 Electron Microscopy Characterization 

Ex situ scanning electron microscopy (SEM) experiments were performed after optical 

mapping experiments. Figure D2 shows the SEM images of all the samples used in this study.          
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Figure D2. SEM images (15° tilt) for GaN coated InP NWs on an InP substrate depicted a pseudo-random square 
pattern. The diameter is 500 nm, the height is 2 µm and the pitch varies between 500 nm – 3 µm. (a) largest nearest 
neighbor distance sample (average distance: 2 µm), (b) middle nearest neighbor distance (average distance: 1.3 µm), 
(c) smallest nearest neighbor distance (average distance: 0.9 µm). Images were taken at an accelerating voltage of 15 
keV and a working distance of 10 mm.  

D.2.2 Microspectroscopy Characterization  

Microspectroscopy of the GaN-coated InP NWs on an InP substrate is shown in Figure D3. 

A 532 nm laser was used for both Raman and PL measurements. Figure D3a shows the Raman 

spectrum of an individual InP NW. Here, two peaks marked with blue dashed lines correspond to 

transverse optical (TO) and longitudinal optical (LO) phonon modes.2,3 The TO mode of InP is at 

296 cm-1 and the LO mode is at 340 cm-1. Figure D3b shows the PL spectrum of an InP NW. The 

NWs display an intense PL emission with a PL max at 920 nm.4    

        

Figure D3. Microspectroscopy of the InP NW sample. (a) Raman spectra of InP NWs on an InP substrate. The blue 
dashed lines show peaks at 296 and 340 cm-1. (b) PL spectra of InP NWs on an InP substrate. A 532 nm laser was 
used to excite the sample. The PL max is at 920 nm.  
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D.2.3 Reflectance and Absorptance Characterization.  

The measured reflectance and calculated absorptance spectra are shown in Figure D4. The 

blue spectral trace is the measured total reflectance, and the black spectra trace is the measured 

diffuse reflectance. The absorptance spectrum was calculated using the following equation:  𝐴  =  1 − 𝑅𝑇   −  𝑇 

where A is the absorptance (%), 𝑅𝑇 is the total measured reflectance (%), and T is the transmittance 

(%).5 The transmittance in the sample is assumed to be zero for wavelengths shorter than 850 nm.  

 

 
Figure D4. Reflectance and absorbance spectra of the InP NW sample. The blue spectral trace is the measured total 
reflectance, and the black spectra trace is the measured diffuse reflectance. The absorbance spectrum was calculated 
using the total measured reflectance with the assumption that there is no transmittance in the sample.  

D.2.4 Photoluminescent Quantum Yield Determination (PLQY) 

Based on literature values utilizing a similar material synthesis, the PL quantum efficiency 

is estimated to be as high as ≈75% with surface passivation.6 We calculated the PLQY of the 

sample in three steps: (1) convert the arbitrary counts in the PL spectrum of Figure D3b to units 

of photons per second, (2) integrate over the PL spectrum to obtain the total number of photons 

emitted by the sample, and (3) divide the total number of photons by the number of incident 

photons used to excite the sample. To complete step 1, we illuminated the detector with a calibrated 
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monochromator source and determined the proportionality constant at every wavelength that 

relates the number of photons striking the detector to the number of counts produced by the 

software. We then applied that proportionality constant to the sample spectrum at every 

wavelength to obtain a PL spectrum in units of photons per second versus wavelength. We 

integrated that result (1.7 × 1016 photons) and divided by the total number of incident photons 

striking the sample (1.1 × 1017 photons), yielding a PLQY of 16%.  

D3. PL and Reflection Measurements and Image Analysis Routines 

D.3.1 Reflection and Photoluminescence Map Generation.  

Widefield reflection and photoluminescence (PL) movies were analyzed using a hand-

written Matlab code to process dual-view imaging data to generate reflection and PL intensity 

maps. The function begins by identifying the on and off points of the microscope stage and detector 

trigger signals based on a threshold, creating a digital signal to distinguish when the stage is 

stationary. We previously described the digital signal processing routine.7 The derivative of these 

digital signals is used to pinpoint the exact on and off points for both the stage and detector signals. 

The key point is we link widefield images acquired on the sCMOS detector at each stage position, 

which defines the laser excitation position on the sample, to Raman/PL microspectroscopy data 

taken on the spectrometer detector. 

Figure D5 shows a representative optical reflection image of an entire sample region that 

was selected for correlated reflection and PL mapping experiments. When the laser strikes the 

sample, we acquire a series of PL and reflection images using the dual view detection setup 

described in the main text.  
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Figure D5. Optical reflection image of the InP NW array sample.  

Our code averages all frames at a fixed excitation location, producing a single average 

reflection (Figure D6a) and PL (Figure D6b). This process is repeated for all specified coordinates, 

and the integrated intensities from each image are recorded as a function of stage position. Finally, 

we construct reflection (Figure D6c) and PL (Figure D6d) maps of the sample area in Figure D5 

by plotting the summed intensity versus X and Y stage position. The InP NWs appear in the 

reflection and PL intensity maps, and their patterns match the dark objects (i.e., InP NWs) in Figure 

D5.  

 
 

Figure D6. (a) Representative widefield reflection image upon exciting the InP substrate. (b) Representative widefield 
PL image upon exciting the InP substrate. (c) Reflection map of integrated intensities from cropped widefield 
reflection images. (d) PL map of integrated intensities from cropped widefield PL images.  
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D.3.2 Centroid Overlay of Electron and Optical Microscopy Images  

We developed an image analysis procedure to overlay centroid coordinates in two different 

images using the imtransform function in MATLAB (see Supplementary Information in Reference 

8)8. The first step of the procedure is to rotate a Scanning Electron Microscope (SEM) image 

(Figure D7a) to match the orientation of a widefield optical reflection image and the reflection 

map as shown in Figure D7b,c. Next, we select the centroid coordinates of the same objects in the 

optical and SEM images. The coordinates of the labeled NWs plotted as red x’s in Figure D7a. 

 
 

Figure D7. (a) SEM image of the NW array sample. The red x’s mark the selection of a single NW used for further 
analysis. (b) Reflection map of integrated intensities from cropped widefield reflection images. (c) Reflection image 
of the sample on the optical microscope, showing the area for mapping.  

D.3.3 Global Transformation 

To accurately determine the centroid positions of NWs in the reflection map, we developed 

a global transformation algorithm that transforms the centroid locations identified in the SEM 

image onto the reflection map. With these accurate centroid coordinates, the reflection map can 

then be used to select the widefield images for further analysis. This code aligns the NW positions 

identified in the SEM image with the reflection map by selecting correlated points in both images, 

computing a geometric transformation, and applying this transformation to map the SEM 

coordinates onto the reflection map. The first step of the procedure is to identify control point pairs 

in both images. For example, the four red x’s represent the centroid positions of four individual 

NWs by manually clicking the center of each NW as shown in Figure D8a. Figure D8b shows the 

reflection map of the same sample region in Figure D8a with the same red x’s representing the 
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centroid positions of the same NWs. We use the “imtransform” function in Matlab to overlay the 

SEM coordinates onto the reflection map using the spatial transformation defined by the four 

control point pairs (red x’s, Figure D8a). The transformed coordinates are then visualized on the 

reflection map (Figure D8c) for further analysis. 

        
 

Figure D8. (a) SEM image of the NW array sample. The red x’s mark the selection “moving coordinates”, which are 
the points being transformed onto the reflection map. (b) Reflection map of integrated intensities from cropped 
widefield reflection images. The red x’s mark the selection of “fixed coordinates”, which are the matching points 
selected on the SEM image. (c) Reflection map after all 48 single NW coordinated have been transformed.  

D.3.4 Local Transformation for Localizing Nearest Neighbor NWs  

The next step is designed to determine the distance from one NW to its nearest neighbor in 

units of micrometers. This process involves using the SEM image and the coordinates of the 

globally transformed NW centroids. The user clicks on four points in the SEM image: the NW of 

interest (origin), the nearest neighbor, and two additional NW locations anchoring around the 

nearest neighbor as shown in Figure D9a. In the reflection map, the user clicks on the 

corresponding origin NW and the corresponding two anchoring NW coordinates as shown in 

Figure D9b. These pairs of points are then used to compute a local transformation around the origin 

NW of interest.  
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Figure D9. (a) SEM image of the NW array sample with the following marked points: NW of interest (origin), nearest 
neighbor NW, and two anchoring points around the neighboring NW. (b) Reflection map with the same marked points 
as in (a).  

 
D.3.5 Calculating PL and Reflection Ratios as a Function of Distance 

The PL and reflection ratios between the origin and nearest neighbor NW calculates the PL 

intensity ratio and the distance between origin points and their nearest neighbors in a set of 

widefield images. For each origin point, the function retrieves the corresponding widefield image, 

identifies the peak center via two options: option one is to fit the widefield image with a Voigt 

function to output the center position based on the maximum value of the fit, or option two is to 

use the maximum pixel value as the center position. An example of the Voigt fitting procedure is 

shown in Figure D10. 

 
Figure D10. Three-dimensional PL intensity profile of a PL widefield image. The black x data points show the raw 
intensity image data, and the red mesh profile represents the fitted Voigt distribution to extract the center position of 
the NW. 

Then, the code defines a 5-by-5-pixel box around the center value to compute the integrated 

intensity and standard deviation of the PL intensities, which is depicted as the blue box in Figure 
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D11a. We can refer to these boxes as the region of interest (ROI). The code repeats this process 

for the nearest neighbor using the coordinates determined previously, which is depicted as the red 

box in Figure D11a. The function then visualizes the integration boxes on the widefield image and 

computes the Euclidean distance between the origin and the nearest neighbor, along with the ratio 

of their integrated PL intensities. The function repeats this process for the reflection widefield 

images, as shown in Figure D11b. Due to the intense scattering and unpredictability of the 

widefield reflection images, the origin NW was found using the maximum pixel intensity of the 

image and the vector connecting the nearest neighbor NW is from a set center position found from 

the Voigt fitting (Figure D10). The outputs are arrays of various nearest neighbor distances defined 

from the center of an origin NW and intensity ratios for both reflection and PL.  

 
Figure D11. (a) Widefield PL image of a nearest neighbor pair. The origin NW ROI is shown as the blue pixel box 
and the nearest NW ROI is shown as the red pixel box. The pair displayed is selected using the points from Figure 
D9. (b) Widefield reflection image of a nearest neighbor pair. The vector to the nearest neighbor is drawn from a set 
center position for all the reflection widefield images.  

D4. Widefield Imaging Experiments and PL/Reflection Intensity Ratio Analysis  

The widefield reflection image of the 415 nm excitation on the substrate is shown in Figure 

D12a, using the same substrate region as shown in Figure 6.5d in the Main Text. Figure D12b 

shows the corresponding reflection image of the nearest neighbor pair depicted in Figure 6.5e of 

the Main Text. Figure D12c-d show the corresponding 3D intensity profile of the widefield 

images.  
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Figure D12. (a) Representative widefield reflection image of the excitation parked on the InP substrate. The inset 
shows an SEM image of the physical location of the laser on the sample (blue circle). (b) Widefield reflection image 
upon exciting a single NW. The inset shows a zoomed-in view of the SEM image region, where the blue circle 
indicates the laser excitation spot, and the red circle indicates the centroid location of the nearest NW. (c)-(d) 3D 
intensity profiles of the widefield reflection images in (a) and (b), respectively.      

The PL and reflection intensities moves around the central NW (blue x in widefield images 

and blue circle in the inset SEM images in Figure D13), depending on the nearest NW neighbor 

(red x in widefield images and red circle in the inset SEM images in Figure D13) location.  

 
 

Figure D13. (a)-(b) Widefield PL images of a nearest neighbor pair. The origin NW ROI is shown as the blue x and 
the nearest NW ROI is shown as the red x. The black vector is the distance vector between the centroid locations of 
the NW. (c)-(d) Widefield reflection images of a nearest neighbor pair corresponding to (a) and (b) respectively. 
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D5. Line Profile Analysis of the Instrument Response Function using the InP Substrate 

The PL and reflection experimental results from NW pairs were compared to line profile 

results resulting from illumination of the bare substrate, which is a useful control in our system. 

Figure D14 shows the line profiles for the excitation on the bare substrate in both the PL and 

reflection channels. Figure D14a shows the excitation source on the bare substrate. The red dashed 

line in the inset shows where the line profile was taken on the widefield image. The line profile is 

plotted as the blue solid line and was fit with a Lorentzian distribution plotted as the red dashed 

line. Half of the fit is plotted as a red dashed line in Figure 6.6a of the main text. Figure D14b is 

the line profile of the excitation source on the substrate in the reflection channel. Compared to the 

PL, the reflection line profile is much narrower and rapidly decays. Half of the fit is plotted as the 

blue dashed line in Figure 6.6b of the main text.  

 
Figure D14. (a) Line profile of the widefield PL image of a 415 nm laser excitation parked on the InP substrate. The 
blue solid line is the line profile, and the red dashed line is the Lorentzian distribution fit. (b) Same as (a), but for the 
reflection line profile. The red dashed line is the Gaussian distribution fit.  

D6. Details of Geometric Re-absorption Probability Calculations 

The calculator used to generate the geometry calculations described below was written in 

Matlab R2022a and can be accessed at:  

https://github.com/OliviaFBird/Monte-Carlo-Simulations-for-Photon-Recycling-in-Nanowire-

Arrays/blob/main/m241029_PR_NWArray_GeometricCalculator.m. 

https://github.com/OliviaFBird/Monte-Carlo-Simulations-for-Photon-Recycling-in-Nanowire-Arrays/blob/main/m241029_PR_NWArray_GeometricCalculator.m
https://github.com/OliviaFBird/Monte-Carlo-Simulations-for-Photon-Recycling-in-Nanowire-Arrays/blob/main/m241029_PR_NWArray_GeometricCalculator.m
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The geometric probability of re-absorption is broken down into the multiplication of 3 

parts: the probability that light will be emitted from the side of a NW (PEside), the probability of 

being within an angle that will intersect another wire in the plane of the wire array (𝑃𝑋𝑌), and the 

probability that the photon will be emitted at an angle to intersect another wire at an appropriate 

height, rather than passing above or below it (𝑃𝑍). All trigonometric calculations assume that the 

NW are perfect cylinders.  

 Ptot = PESide × PXY × PZ Eq. D1 

To calculate the probability of side emission it is assumed that a photon can be emitted from the 

wire’s surface at any point with equal likelihood. Thus, the chance that it will be emitted from the 

side is simply the surface area of the side of the wire divided by the surface area of the entire wire.  

 PEside = 2 × π × 𝑟 × ℎ(2 × π × 𝑟 × ℎ) + (2 × π × 𝑟2) Eq. D2 

where r is the radius of the wire and h is the height of the wire. The probability of emitting photons 

from the wire at an appropriate angle in the XY plane is the angle which will be occluded by a 

wire of radius (r) at a distance away of (d) then divided by the total possible angle. 

 𝑃𝑋𝑌 = 2 × tan−1 (𝑟𝑑)2 × π  Eq. D3 

The probability that emission will be neither over no under the neighboring wire is once again 

calculated by determining the angle occluded by neighboring wire divided by the total possible 

angle of the z-axis (along the height of the wire). This value is dependent on the height the photon 

leaves the initial wire (z), and it is assumed that all z-heights are equally probable. For the 

calculations in Figure 6.7 the probability was calculated for all z-heights along the wire (in 1 nm 

increments) and the average probability was used.  
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 𝑃𝑍  =  ∑ (π −  tan−1(𝑑 − 𝑟ℎ − 𝑧ℎ
𝑧 = 1 )  − tan−1(𝑑 − 𝑟𝑧 )) / (ℎ × π) Eq. D4 

 

 
 

Figure D15. Ratio of the re-absorption probability between the second neighboring wire and the first neighboring 
wire if considered two neighbors on either side. The parameters studied were (a) center-to-center distance, (b) NW 
diameter, and (c) NW height. 

 
 

Figure D16. Deviations of (a) re-absorption probability and (b) recombination rate in the neighboring wire when the 
substrate is modeled at thickness of 50 μm rather than 500 μm. 

D7. Details of Monte Carlo Simulations  

A Monte Carlo (MC) simulation was developed to investigate photon recycling and 

reflection in the NW array. The simulation model consisted of two identical NWs, with one 

subjected to continuous excitation and the other capable of receiving light only through PL or 

reflection from the first wire. The simulation was written and run in Matlab R2022a. Five variable 

parameters were tested: interwire distance, NW diameter, NW height, PLQY, and the fraction of 

reflected light scattering sideways vs upward. The simulation can be accessed at: 
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https://github.com/OliviaFBird/Monte-Carlo-Simulations-for-Photon-Recycling-in-Nanowire-

Arrays/blob/main/m241029_PR_NWArray_MonteCarlo.m  

The base case simulation parameters matched experimental data wherever present 

including NW dimensions (diameter = 0.5 μm, height = 2 μm, nearest neighbor distance = 1.3 μm), 

and laser parameters (0.3 mW, 415 nm). For the variable diameter dependence (Figure 6.8b in the 

Main Text) the edge-to-edge distance was held constant at 0.8 μm rather than the center-to-center 

distance to ensure that the impact of increasing diameter was not convoluted with the impact of 

moving wires closer. A PLQY of 0.5 and outward scattering fraction of 0.1 were chosen as the 

base case for these parameters. Reflection probabilities were calculated using Fresnel's equations 

and previously determined refractive indices; these values match the experimentally determined 

reflection below 840 nm, but extends further into the red so the reflection of PL light can also be 

modeled.9 Absorption probabilities were derived from the Beer-Lambert Law using previously 

determined absorption coefficients.9  

To model optical interactions, reflected light was categorized as either upward (detectable) 

or outward, with the latter having a probability of interacting with the second wire based on 

geometric parameters PXY (Eq. D3) and PZ (Eq. D4). Each absorbed photon generates one excited 

electron-hole pair which has three possible outcomes at each step: radiative recombination, non-

radiative recombination, or persistence until the next excitation. The competition between these 

processes was simulated using a direct kinetic MC method10,11, using the equation: 

 1 =  𝐴 ×  (𝑘𝑝ℎ𝑜  +  𝑘𝑅𝑎𝑑 ×  𝑁𝑒  +  𝑘𝑁𝑜𝑛−𝑅𝑎𝑑 ×  𝑁𝑒)  Eq. D5 

where: A is a normalization constant, kpho is the experimental laser excitation frequency, kRad is the 

radiative recombination rate constant for InP.12 kNon-Rad is the non-radiative recombination rate 

constant and is calculated from the kRad and PLQY, and Ne is the number of excited electrons in 

https://github.com/OliviaFBird/Monte-Carlo-Simulations-for-Photon-Recycling-in-Nanowire-Arrays/blob/main/m241029_PR_NWArray_MonteCarlo.m
https://github.com/OliviaFBird/Monte-Carlo-Simulations-for-Photon-Recycling-in-Nanowire-Arrays/blob/main/m241029_PR_NWArray_MonteCarlo.m
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the wire. A random number (0 – 1) is generated and its position in the stack described in Eq. D5 

is used to determine which step occurs next. The direction of light emission was determined based 

on surface areas (Eq. D2) and upward emitted light was detected while outward emitted light had 

a possibility to be re-absorbed by the neighboring wire, determined by the geometric re-absorption 

probability while also accounting for the possibilities of reflection and transmission even within 

the required solid angle. In addition to the solid angle the emitted light must be an appropriate 

wavelength to be absorbed, determined by the overlap integral between the experimental PL 

spectrum and calculated absorptance.   

There are a few key assumptions used this model. Photons were treated as infinitely small 

particles moving in straight lines (and thus probability of interaction can be determined by 

geometric relations). Infinite charge mobility within NWs was assumed, leading to photon 

emission with equal probability from any point on the NW surface. Wires are treated as perfect 

cylinders neglecting microscale roughness or specific faceting. Additionally, the simulation 

focused on energy transmission through NWs, excluding bulk substrate effects. Finally, for 

computational efficiency, rather than simulating each photon individually photons were simulated 

in bunches of 106 which move together, resulting in 6.27×108 total excitation bunches for each 

experiment.  
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Figure D17. Monte Carlo simulation of the PL ratio over PLQY ranges from 0.01 to 1.00. From this simulation we 
find that increasing PLQY does slightly increase the PL ratio due to more opportunities for photon recycling. However, 
this effect is weak, as a higher PLQY will increase the PL observed from both the initially excited wire and the 
neighbor wire, thus the ratio remains relatively constant.  

             
Figure D18. Monte Carlo simulation of the PL ratio vs the fraction of light scattered outward. All other light is 
scattered upward. From this simulation we find that as more light is scattered upward the observed PL ratio increases. 
This may initially be counterintuitive as having light scatter outward off the initially excited wire provides more 
opportunities to be absorbed by the neighboring wire. However, the dominating effect is the fraction of light scattered 
off the neighboring wire that can be detected, which requires the light be reflected upward.  

D8. Coupled Wave Optics and Semiconductor Photophysics COMSOL Model 

D.8.1 Electric Field 

The optical model treats light as an electromagnetic wave and solves the classic Maxwell’s 

equations for the electric and the magnetic fields.19 Treating light as a wave makes our approach 
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more applicable to nanoscale morphologies, and especially when the characteristic length scales 

become comparable to the wavelengths of either the incident or the emitted photons. Prior work 

demonstrates that if the NWs are smaller than or comparable to the wavelength of light, diffraction 

and scattering become significant, leading to deviations from Beer’s law.5 Also, Maxwell-Garnett 

effective medium theory is not suitably applied for our case, since Maxwell-Garnett theory 

assumes low volume fractions of inclusions and weak electromagnetic interaction in between, 

which is not met in the NW array.20 

For the optical modeling, the 2D domain comprises of three NWs, the substrate, and the 

surrounding air. The air at the top is truncated to a height of 2.5 μm such that it covers the maximum 

modeled height of the NWs of 2 μm, and additionally, further expanding the space occupied by air 

has negligible impact on the model predictions. Note that incident light absorption and emission 

is modeled at two distinct wavelengths - the incident laser source wavelength in the experiments 

is 𝜆𝑖 = 415 nm and the emission wavelength, 𝜆𝑒 = 900 nm. 

For the sake of simplicity, the emission of photons is only tracked at the peak emission 

wavelength of 900 nm, which is based on the measured PL spectra of InP NWs on an InP substrate 

(Figure D3b), and the absorption is only captured at 415 nm. Therefore, the electric fields 

corresponding to the incident light source and the emission are separately solved at distinct 

wavelengths with wavelength-specific refractive index n and absorption coefficient 𝛼. The electric 

field, 𝐸, whether it is 𝐸i,𝜆𝑖 or 𝐸e,𝜆𝑒, satisfies the steady-state wave equation in Eq. D6, 

 ∇ × (∇ × 𝐸) − (2𝜋𝜆0 )2 𝜀𝑟𝐸 = 0, Eq. D6 

where 𝜆0 is the wavelength of light in vacuum and 𝜆0 can be either 𝜆𝑖 or 𝜆𝑒 based on we are 

modeling for the electric field of the incident laser source or the photon emission. 𝜀𝑟 is the relative 
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electric permittivity of the medium; in air  𝜀𝑟 = 1. For InP, the relative electric permittivity is 

related to the complex refractive index as, √𝜀𝑟 = 𝑛 + 𝑖𝑘. Eq. D7 can be derived from the classic 

Maxwell’s equations for the electric and the magnetic field as shown in Eq. D7-D12. 

 ∇ × 𝐸 = − 𝜕𝐵𝜕𝑡   Eq. D7 

 

 ∇ × 𝐵 = 𝜇0𝜖0 ∂E∂𝑡   Eq. D8 

Here, 𝐵 is the magnetic field, 𝜇0 and 𝜖0 is the vacuum permeability and permittivity. Take the curl 

of the first equation and substitute the second equation, 

 ∇ × (∇ × 𝐸) = −𝜇0𝜖0 𝜕2𝐸𝜕𝑡2  
Eq. D9 

The speed of light in vacuum is related to the permeability and permittivity by: 

 𝑐0 = 1√𝜇0𝜖0  Eq. D10 

For harmonic time dependence, where the electric field varies sinusoidally as 𝑒−𝑖𝜔𝑡, we can replace 

the second time derivative with −𝜔2. Therefore, the equation can be derived to  

 ∇ × (∇ × 𝐸) − (2𝜋𝜆0 )2 𝐸 = 0  
Eq. D11 

In a medium with relative permittivity 𝜀𝑟, the wave equation modifies to: 

 ∇ × (∇ × 𝐸) − (2𝜋𝜆0 )2 𝜀𝑟𝐸 = 0  
Eq. D12 

Figure 6.2a in the Main Text solves the electromagnetic field in the modeling domain 

surrounded by the blue boundary and apply the scattering boundary condition, while they are two 

separate simulations at different frequencies: one solves the electric field due to the incident light 



234 
 

of 𝜆𝑖 = 415 nm shining on the central wire, and another solves for the emitted photons at 𝜆𝑒 = 900 

nm. Scattering boundary condition is applied at all the boundaries for the modeling domain (blue 

lines in Figure 6.2a of the Main Text), 

 n̂ × (∇ × 𝐸) − 𝑖(2𝜋𝜆0 )n̂ × (𝐸 × n̂) = 0 
Eq. D13 

∇ × 𝐸 is related to the magnetic field via Maxwell’s equation, so the first term represents the 

tangential component of the magnetic field. The second term represents the tangential component 

of the electric field adjusted by the wavenumber 
2𝜋𝜆0, and the imaginary unit 𝑖 indicates a phase 

relationship between the electric and magnetic fields. This equation ensures the tangential 

components of the electric and magnetic fields are balanced at the boundary. Physically, it enforces 

to model a domain with open boundaries, where an electromagnetic wave will pass without any 

reflection. That means, we want to use boundary conditions along the outside that are transparent 

to any reflected waves from the NW structure, and these waves will just escape. Doing so will let 

our truncated domain at the top be a reasonable approximation of infinite air space.  

Port boundary conditions are applied at the top of the central wire and the bottom of the 

substrate. Wave excitation is turned on for the top port and turned off for the bottom port. We have 

considered normal incidence with the electric field polarized along the z-axis, which is the 

direction perpendicular to the 2D domain. 

D.8.2 Electric field from emitted photons.  

To solve for 𝐸𝑒,𝜆𝑒 , the same governing equations as in Eq. D7-D12 are applied, but with 

modifications in the problem set-up. Point dipole sources are used to simulate emission of photons 

from the recombination of charge-carriers in the semiconductor material. An array of 5 electric 

point dipoles is inserted along the height of the NW in the center that is illuminated with an external 
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laser source (Figure 6.2a in the Main Text). Every dipole is assigned an arbitrary, but uniform 

value for the magnitude of the dipole moment, 𝑃. The choice of the dipole moment magnitude is 

inconsequential in our calculations because this workflow is ultimately used to obtain fractional 

probabilities of an emitted photon at one location being re-absorbed at the same or a different 

location. At each dipole position, two discrete orientations in x- and y-directions are simulated 

since no preferred direction is assumed, and the corresponding electric field is averaged over both 

directions. 

From the electric field of emitted photons, the re-absorption probability is calculated and 

interpreted as fractional probabilities of an emitted photon being re-absorbed at different locations, 

and it is calculated at the emission wavelength 𝜆𝑒 = 900 nm. The re-absorption probability of each 

dipole j is obtained by, 

 𝑝j = ∬ 𝑃abs,λ,j𝑃dip,j = ∬ 𝜋𝑐0 𝜆𝑒 |𝐸𝜆𝑒|2Im{𝜀𝜆𝑒}∫ n̂ ∙ 𝑆𝜆𝑒 = ∬ 𝜋𝑐0 𝜆𝑒 |𝐸𝜆𝑒|2Im{𝜀𝜆𝑒 }∫ n̂ ∙ 12 (𝐸𝜆𝑒 × 𝐻𝜆𝑒)  Eq. D14 

The numerator is the spatial integration of the optical power absorbed per unit volume, and the 

integration can be conducted at different locations, including the central wire (𝑝cen,j), the 

neighboring wire (𝑝nei,j), and the substrate (𝑝sub,j). The denominator represents the dipole power, 

which is calculated by the integration of the power outflow over a small non-absorbing cavity 

surrounding the dipole. Inside the cavity, the refractive index is the same as InP, while the 

extinction coefficient is set as zero. The power outflow can be calculated by the cross product of 

the electric field 𝐸𝜆𝑒  and magnetic field 𝐻𝜆𝑒, which is related to the electric field by the Maxwell’s 

equation,  

 𝐻𝜆𝑒 = − 1𝑖𝜔𝜆𝑒𝜇0 ∇ × 𝐸𝜆𝑒  Eq. D15 
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where 𝜇0 is the vacuum permeability, and 𝜔 is the angular frequency. Then, the re-absorption 

probability is averaged over the 5 dipoles at each location, for example, at the neighboring wire, 

 𝑝nei = ∑ 𝑝nei,j51 5   Eq. D16 

To justify the effect of dipole numbers on this averaged re-absorption probability, more 

dipoles are put inside the central NW. We take the case of D = 1.4 μm as an example. Along with 

the five dipoles that already exist, 12 more arrays of five dipoles are inserted along the diameter 

of the NW with a step of 0.1 μm. There are 65 dipoles in total, and then the procedure above is 

followed to obtain the averaged re-absorption probability. Compared with 5 dipoles, the deviations 

of 𝑝cen, 𝑝nei, and 𝑝sub are 1.5%, 7.3%, and 5.5%, respectively. As the dipole is moved closer or 

farther away from the neighboring wire, 𝑝nei,j will become larger or smaller. However, after 

averaging, 𝑝nei is not significantly affected by the number of dipoles. 

D.8.3 Volumetric Rate of Charge-Carrier Generation.  

The rate of the optical power absorbed per unit volume, 𝑃𝑎𝑏𝑠,𝜆 , is related to the local electric 

field and the optical material properties as in Eq. D17,  

 𝑃abs,λ = 𝜋𝑐 λ |𝐸λ|2Im{𝜀λ} Eq. D17 

 
where, 𝜀λ = 𝜀𝑟𝜀0 is the electric permittivity, with 𝜀0 being the vacuum permittivity. The imaginary 

portion of the electric permittivity is used in these calculations. The volumetric rate of charge-

carrier generation is then obtained from the power absorbed as, 

 𝐺𝜆  = 𝑃abs,𝜆ℎ𝑐 λ = 𝜋|𝐸𝜆|2Im{𝜀𝜆}ℎ   Eq. D18 



237 
 

In our calculations, the absorption coefficient, 𝛼𝜆 is related to the Im{𝜀𝜆} = 𝜀0𝛼𝜆𝜆𝑛2𝜋 . The total rate 

of generation of photons at any spatial location in the modeling domain is the sum of the generation 

of photons, both from the incident light source, 𝐺i,𝜆𝑖, and due to re-absorption of emitted photons, 

i.e. due to photon recycling, from any location within the domain, 𝐺pr,𝜆𝑒 

 𝐺total =  𝐺i,𝜆𝑖 + 𝐺pr,𝜆𝑒   Eq. D19 

To obtain 𝐺i,𝜆𝑖, we apply the same equation as in Eq. D19, but for 𝐺pr,𝜆𝑒, the method is a little 

different. For the central wire,  

 𝐺pr,cen = 𝑅cen × 𝑝cen + 2𝑅nei × 𝑝nei Eq. D20 

 

for the neighboring wire, 

 𝐺pr,nei = 𝑅cen × 𝑝nei + 𝑅nei × 𝑝cen Eq. D21 

where 𝑅cen(nei) is the averaged value of the recombination rate over the central (neighboring) wire, 𝑝cen(nei) is the averaged re-absorption probability over dipoles at different locations.  

The new generation rate, defined as the sum of the initial optical generation rate and the 

photon recycling generation rate, is imported into the next iteration of the numerical solver to 

compute the resulting recombination rate until converged. If photon recycling is not considered, 

then 𝐺pr,𝜆𝑒 is equal to zero, and the total generation rate is the initial optical generation rate due to 

the external light source. 

D.8.4 Semiconductor Photophysics 

Standard steady-state equations for charge and species – electrons and holes – conservation 

is modeled; drift-diffusion equations are modeled for electrons and holes.21 Specific governing 
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equations are detailed below. The static behavior of the charge carriers in the semiconductor is 

calculated by solving Poisson's equation, 

 ∇ ⋅ (𝜀0𝜀r∇𝜙) = −𝜌 = 𝑞(𝑛 − 𝑝) Eq. D22 

in which 𝜌 is the net charge concentration, 𝑛 and 𝑝 are the electron and hole concentration, 𝑞 is 

the elementary charge and 𝜙 is the electric potential. The dynamic behavior of the carriers is 

calculated by solving the drift-diffusion equations for electrons and holes inside the semiconductor, 

 𝑖e = 𝜇e𝑛∇𝐸C + 𝜇e𝑘B𝑇∇𝑛 Eq. D23 

 

 𝑖h = 𝜇h𝑝∇𝐸V − 𝜇h𝑘B𝑇∇𝑝 Eq. D24 

Here, the current density of carriers is composed of two parts. The first term on the right side is 

the drift current, and the second term is the diffusion current. 𝜇e/h are the mobilities of electrons 

and holes. 𝐸C and 𝐸V are the conduction band and valence band energy levels, given by 𝐸C =−𝑞(𝜙 + 𝜒) and 𝐸V = −𝑞(𝜙 + 𝜒 + 𝐸g), where 𝜒 is the electron affinity and 𝐸g is the bandgap. 

The total current is contributed by either the carrier drift due to the applied bias or the carrier 

diffusion due to the concentration gradient. In this model, there is no bias applied, so the diffusion 

will play the dominant role in the carrier transport. The final steady-state electron and hole 

transport equations are: 

 ∇ ⋅ (−𝜇e𝑛∇𝜙 + 𝜇e𝑘B𝑇∇𝑛) = 𝑅e,rad − 𝐺e Eq. D25 

 

 ∇ ⋅ (−𝜇h𝑝∇𝜙 − 𝜇h𝑘B𝑇∇𝑝) = 𝑅h,rad − 𝐺h Eq. D26 
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The right side is the net electron or hole recombination rate, and radiative recombination 𝑅e/h,rad 

is considered herein. The generation rate 𝐺e/h is calculated by Eq. D19. The radiative 

recombination is given by, 

 𝑅e/h,rad = 𝐵(𝑛𝑝 − 𝑛𝑖2) Eq. D27 

in which 𝑛i = √𝑁C𝑁Vexp (−𝐸g/2/𝑘B/𝑇) is the intrinsic density, 𝐸g is the bandgap energy of the 

material and 𝑁C and 𝑁V are the conduction and valence band densities of states, respectively. These 

are material and temperature-dependent properties, and the intrinsic density is calculated as 6.91 × 1012 1/m3 at a temperature of 293 K. The temperature and wavelength dependent radiative 

recombination factor 𝐵 is calculated by, 

 𝐵 = 2𝜋𝑐𝑛𝑖2𝜆2 ∫  ∞
𝐸𝑔

1𝜆2 𝛼 exp (− ℎ𝑐𝜆𝑘B𝑇) 𝑑𝜆 Eq. D28 

which is a material and temperature dependent property as well. 𝛼 is the absorption coefficient, is 

related to the imaginary part of refractive index 𝑘 by 𝛼 = 4𝜋𝑘/𝜆. Regarding the boundary 

condition, when there is no surface recombination considered, the insulation condition is applied 

at all the semiconductor interfaces (green lines in Figure 6.2b of the Main Text) except the bottom 

of the substrate, 

 n̂ ⋅ 𝐷 = 0,                          n̂ ⋅ 𝑖e = 0,     n̂ ⋅ 𝑖h = 0, Eq. D29 

since there is no external load and photocurrent in the model. n̂ ⋅ 𝑖e/h = 0 is the boundary condition 

for the electron and hole carriers, meaning there are no carriers exiting the NWs. n̂ ⋅ 𝐷 = 0 is the 

boundary condition for 𝜙. 𝐷 is the electric displacement field and is equal to −𝜀∇𝜙. If there is no 



240 
 

surface charge on the interface, the normal component of 𝐷 is continuous. We added an ideal 

ohmic contact (red line in Figure 6.2b of the Main Text) at the bottom, at a large distance from the 

NWs and applied zero voltage to ensure that the NW domain is solved numerically at zero bias so 

that no electric field would affect the motion of the carriers. There is another boundary condition 

for the carriers based on local thermodynamic equilibrium at the contact, 

 𝑛 = 12 (𝑁D+ − 𝑁A−) + 12 √(𝑁D+ − 𝑁A−)2 + 4𝑛i2 Eq. D30 

 

 𝑝 = − 12 (𝑁D+ − 𝑁A−) + 12 √(𝑁D+ − 𝑁A−)2 + 4𝑛i2 Eq. D31 

in which 𝑁A− and 𝑁D+ are ionized acceptor and donor concentrations, which are not included in this 

model, so the boundary condition is simplified to 𝑛 = 𝑝 = 𝑛𝑖. When surface recombination is 

considered, it will add an extra term to the insulation boundary condition at all the NW interfaces. 

 1𝑞 n̂ ⋅ 𝑖e/h = 𝑅s,e/h Eq. D32 

The surface recombination is given by, 

 𝑅s,e/h = 𝑛𝑝 − 𝑛𝑖2(𝑛 + 𝑛1)/𝑣s,h + (𝑝 + 𝑝1)/𝑣s,e Eq. D33 

with the electron and hole surface recombination velocity 𝑣s,e/h. The electron and hole defect 

densities are calculated according to 

 𝑛1 = 𝑛𝑖 exp (Δ𝐸𝑡𝑘𝑇 ) Eq. D34 
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 𝑝1 = 𝑛𝑖 exp (−Δ𝐸𝑡𝑘𝑇 ) Eq. D35 

where Δ𝐸𝑡 = 𝐸𝑡 − 𝐸𝑖 is the difference between the defect level and the intrinsic level. By correctly 

setting the boundary conditions, the carriers would recombine at the sidewalls or scatter among 

the NWs, rather than contribute to a photocurrent. 

D.8.5 Supplementary Figures 

 
Figure D19. 3D profiles predicted for 0.5 μm-diameter and height 2 μm-tall NWs separated by 0.7 μm for the (a) 
volumetric charge-carrier generation rate (m-3 s-1) from the incident photon flux, and (b) total recombination rate (m-

3 s-1). 

 
Figure D20. Respective contribution percentage to total emission in (a) central wire and (b) substrate, from incident 
source, carrier diffusion, and photon recycling with the variation of carrier mobility. Electron and hole mobilities are 
assumed to be the same with a range from 10-4  to 100 cm2/Vs. Baseline geometric parameters are used: diameter = 
0.5 μm, height = 2 μm, nearest neighbor distance = 1.3 μm.  
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Figure D21. PL ratio with the variation of (a) absorption coefficient, (b) radiative recombination factor, and (c) surface 
recombination velocity.  

 
Figure D22. Re-absorption probabilities in the central/neighboring wire/substrate and escape probability with various 
geometric parameters: (a) center-to-center distance, (b) diameter, and (c) height. The re-absorption probability in 
central wire uses the right y axis, and the other three probabilities use the left y axis. 

 
Figure D23. Simulated PL ratio across variable geometry parameters and carrier mobilities. The parameters studied 
were (a) center-to-center distance, and (b) NW height. Curves with the same color are with the same mobilities. Solid 
lines are simulated with photon recycling considered, and dashed lines are simulated without photon recycling.  
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Figure D24. Averaged volumetric net generation rate in the neighboring NW versus (a) nearest neighbor distance, (b) 
diameter, and (c) height using baseline values in Table 6.1. Net generation rate is defined as the difference between 
generation rate and recombination rate. Blue and orange lines correspond to with photon recycling and no photon 
recycling, respectively. 

 
Figure D25. Ratio of generation rate and recombination rate in the central NW versus (a) nearest neighbor distance, 
(b) diameter, and (c) height using baseline values in Table 6.1. Generation and recombination rates are obtained by 
integrating the corresponding spatial profiles of the volumetric generation and recombination rates. 

 
 

Figure D26. 2D profiles in the COMSOL model for (a),(d) incident electric field, (b),(e) recombination rate, and 
(c),(f) electron (hole) concentrations. Photon re-emission and re-absorption are not considered. The top and bottom 
panels are with two different nearest neighbor distances, 0.7 μm and 1.3 μm, respectively, and other NW geometric 
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parameters are fixed as shown in the figure: diameter = 0.5 μm, height = 2 μm. A truncated substrate of 2 μm is shown 
here. Other parameters involved in the model refer to the baseline values in Table 6.1 of the Main Text, including 
refractive index, absorption coefficient, mobility, radiative recombination factor, and surface recombination velocity. 

 
Figure D27. Generation rates from two light sources with different wavelengths of 415 nm and 532 nm. 

D9. Electron Beam Induced Current (EBIC) Measurements 

Electron beam induced current (EBIC) measurements were performed in an SEM 

retrofitted with a nanomanipulator probe, using a previously described procedure.13,14 Briefly, the 

as-grown InP NWs were mounted on an Al specimen holder using vacuum compatible Ag colloid 

paint that also formed the backside Ohmic contact. Individual NWs were then contacted with a W 

tip coated with Au, as shown in Figure D28a. Current-voltage (I-V) measurements, collected with 

the bias applied to the tip and shown as inset, are consistent with n-doping of the InP NWs.  The 

EBIC maps (Figure D28b) are generated by scanning the electron beam accelerated to 10 kV, 

while collecting the generated current using a Keithley 428 transimpedance amplifier connected 

to a data acquisition system. Plots of the EBIC signal, IEBIC, versus the distance x from the probe 

along the NW length are shown in Figure D28c for three NWs, along with fits to Eq. D36,  

 𝐼𝐸𝐵𝐼𝐶 = 𝐼𝑜𝑒𝑥𝑝 (− 𝑥𝐿𝐷) Eq. D36 

where 𝐼𝑜 is a constant, and LD is the hole diffusion length. The calculated diffusion lengths along 

with the uncertainty derived from the fits, are also shown in Figure D28c. Note that at this 
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accelerating voltage, the approximate electron-hole generation diameter is approximately 50 nm, 

based on a Monte Carlo simulation of electron trajectories in InP.15 To calculate the hole mobility, 

we first estimated the diffusivity, 𝐷 = 𝐿𝐷2 𝜏⁄ , where 𝜏 is the hole lifetime. Using the published value 

for hole lifetime in InP NWs of ~1.5 ns16, and using the Einstein relation for mobility, we obtain a 

mobility range of ~35 – 55 cm2/Vs. Compared to ~200 cm2/Vs typically observed for bulk InP17, 

the lower mobility for the NWs is consistent with increased surface recombination in 

nanostructures due to higher surface to volume ratio and the challenge of passivating 

semiconductor surfaces.18 

    

Figure D28. (a) An SEM image of a W/Au probe touching an InP NW. (b) An EBIC map showing hole collection 
efficiency collected at 10 kV accelerating voltage. (c) EBIC signal plotted versus distance from the probe contact 
along the NW length with fits to Eq. D36, and an inset of the I-V characteristics indicating Schottky barrier formation 
at the NW/probe interface. 
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APPENDIX E: SUPPORTING INFORMATION FOR CHAPTER 7 
 
 
E1. Instrument Response Function (IRF) 

 

 
Figure E1. The IRF was measured via laser scattering from a solution of colloidal silica (LUDOX). TRPL data 
shown in the main text was deconvoluted from the IRF using a general bi-exponential equation with a background 
offset.  

E2. Single-Molecule Blinking Analysis        

 To analyze single-molecule fluorescence trajectories of nanocrystals (NCs), a custom 

MATLAB script was used to process a movie file consisting of .tif images. The movie was loaded 

as a 3D matrix containing the full image sequence. A reference image for ROI selection was 

generated by averaging all frames to minimize noise, unless there was drift where the first frame 

was used instead. A zoomed-in region centered within the field of view was defined to facilitate 

easier selection of NCs and even TIRF illumination. Within this region, manual clicking of 

nanocrystal positions generated a set of regions of interest (ROIs). Background ROIs were 

manually created by clicking a nearby region free of signal, enabling local background correction 

for each nanocrystal.  

To extract time-dependent fluorescence intensity trajectories from a stack of microscopy 

images, a function was created which uses the following inputs: the full movie frames, the raw and 

background ROIs, spatial offset coordinates from the zoom-in region, the acquisition frame rate, 
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and the total estimated drift in pixels over the course of the movie, which was determined via 

analyzing movies in ImageJ. For each ROI, the function first maps the local coordinates of the raw 

and background masks to global coordinates by adding the appropriate offsets. It then loops 

through each frame in the movie and applies a frame-specific vertical shift (“yDrift”) to simulate 

or correct for sample drift over time. This drift is distributed linearly across frames based on the 

“totalDrift” parameter and the number of frames. Figure E2 shows the effect of the drift correction 

by varying the drift pixel value on the single-molecule blinking trajectories. To verify the accuracy 

of the drift correction, the script plotted the centroid positions of each ROI overlaid on both the 

first and last frames of the movie. This allowed visual confirmation that drift compensation aligned 

nanocrystals consistently across time. 

 

 

 

 

 

 
Figure E2. The effect of varying pixel drift on single-molecule blinking trajectories. (a) An example of when no drift-
correction was applied. (b) An example of when a 5 pixel drift was applied. (c) An example of when a 10 pixel drift 
was applied.  

Next, the function calculates the total raw signal as the sum of pixel intensities within the 

NC ROI. The background signal is computed as the average pixel intensity in the background ROI, 

which is then subtracted from the NC sum to yield a background-corrected fluorescence value. 

This background-corrected intensity is stored in a matrix called “finalTrajectories”, where each 

row corresponds to a movie frame and each column to a different ROI (i.e., a single nanocrystal). 

The background subtracted process is shown in Figure E3. 
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Figure E3. Background subtraction procedure. The red trace shows a raw trajectory, the black trace shows the 
background trajectory, and the blue trace shows the background subtracted trajectory. 
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