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ABSTRACT 

Jennifer Eva Tasneem 

 

In nature, biological organisms have substantial control over processes that 

lead to the formation of biominerals. For example, magnetotactic bacteria utilize the 

confined volumes of magnetosomes to crystallize magnetic iron oxide particles that 

are enclosed in lipid bilayer membranes. The organisms are able to form carefully 

controlled chains of these particles that they use as a compass to navigate the Earth’s 

geomagnetic field. By taking inspiration from such naturally occurring processes, we 

aim to synthesize functional composites under confinement that possess excellent 

optoelectronic and photocatalytic properties. Semiconductor oxide and plasmonic 

metal nanoparticle heterostructures are excellent candidates for studying metal-to-

semiconductor energy transfer for optoelectronic applications. Entrapment of 

plasmonic nanoparticles such as gold and silver within semiconducting materials such 

as copper oxide and zinc oxide, greatly increases their optical absorption and charge 

transfer. Two typical morphologies of such heterostructures, such as core-shell 

nanoparticles and preformed semiconductor oxide structures that are decorated with 

plasmonic nanoparticles, have been well studied, however, these structures both have 

limitations on the degree of optical enhancement due to the morphology of the 

structures. In this study, we used a physical confinement-based technique using track-

etched polycarbonate membranes to synthesize heterostructures based on a bio-

inspired crystal growth approach to incorporate arrays of plasmonic nanoparticles 

without the use of insulating surface ligands. By carefully controlling the synthesis 



 

protocol, we are able to tune the spatial distribution of nanoparticles that are entrapped 

within the semiconductor matrices which can give rise to diverse splitting and 

broadening of the plasmon peak in the heterostructures. It is important to expand the 

viable morphologies of heterostructures used in photovoltaic applications because 

electronic properties depend on the morphology and nanostructure of the composites. 

Our results demonstrate the flexibility of the physical confinement-based approach to 

synthesize crystalline architectures which entrap multiple plasmonic nanoparticles 

within a semiconducting matrix to access a relatively unexplored morphology that can 

enable promising optoelectronic properties. 
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CHAPTER 1 
 
Introduction and Background 
 
 
1.1. Biomineralization as an Inspiration 

 
Many marine organisms use biomineralization, the process by which living 

organisms produce minerals, as a means to synthesize organic/inorganic composites that 

constitute the structural components of their bodies1. These organisms have a high degree 

of control over the processes that lead to the formation of biominerals, as compared to 

geologic or synthetic processes that produce similar materials. By studying 

biomineralization processes, we can learn synthetic approaches that can be tested in the 

lab to grow a wide range of materials with similar control. 

One particularly interesting synthetic tool found in biomineralization is 

crystallization within confinement2. For example, in the unicellular marine algae 

coccolithophores, the extracellular coccoliths are comprised of uniquely arranged calcite 

single crystals of specific shape and orientation that are supported on an organic 

baseplate (Figure 1a & 1b)3,4. The precipitation of these crystals occurs within the 

confines of vesicles inside the cell and the organism is able to control the orientation of 

crystal nucleation around the baseplate. Limpets, a member of the mollusk family, use 

nucleation of goethite crystals within chitin fibers during the mineralization of their teeth 

(Figure 1c)5. The oriented inorganic crystals within organic macromolecular matrices 

provide increased hardness to their teeth and allow them to graze and hold on to rocks 

during strong tides (Figure 1d)5. In another example, magnetotactic bacteria are capable 

of producing magnetic iron nanocrystals, such as magnetite (Fe3O4) or greigite (Fe3S4), to 
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form a chain of particles that allow the microbes to navigate the Earth’s geomagnetic 

field and perform magnetic sensing (Figure 1e)6. The crystallization of the particles 

occurs in confined spaces called magnetosomes, which are membranous intracellular 

organelles where the particles are enclosed within a lipid bilayer membrane (Figure 1f)6. 

Finally, calcium phosphate can be seen to form within vesicles in neonatal mouse 

calvaria, which can be used as a model to study human bone mineralization (Figure 1g & 

1h)7. In all these examples, the organisms use confinement (in vesicles, chitin fibers, 

magnetosomes, etc.) as a means to control the microscopic morphology, crystallographic 

orientation, and composition of the resulting biominerals.  

 

 
 
Figure 1.1: Examples of organisms that use confinement as a means to control 
biomineralization (a-b) Coccoliths in coccolithophores are composed of oriented single 
crystals of calcite which are precipitated in the confines of vesicles inside its unicellular 
body. The calcite crystals have different shapes and alternating crystallographic 
orientation and are attached to an organic baseplate. (c-d) Limpets have oriented goethite 
crystals precipitating in chitin fibers, which provide extraordinary hardness to their radula 
teeth. (e-f) Magnetotactic bacteria use the confines of magnetosomes to precipitate iron 
oxide nanocrystals that are enclosed in lipid bilayer membranes. The microbes form 
carefully controlled chains of magnetic iron oxide particles to navigate the earth’s 
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magnetic field (g-h) In neonatal mouse calvaria, calcium phosphate precipitates can be 
seen to form in intracellular vesicles. Reproduced with permission from Whittaker, M. L., 
Dove, P. M. & Joester, D. Nucleation on surfaces and in confinement. MRS Bull. 41, 
388–392 (2016). Copyright 2016 Materials Research Society2. 
 

In addition to unusual formation processes, biominerals often times have improved 

mechanical, optical, and magnetic properties as compared to their geologic analogues. 

Thus, the motivating force of this thesis is to develop synthetic processes inspired by 

these naturally occurring processes and translate them into the work that we do in the 

laboratory. As such, by using mild synthesis conditions we can aim to achieve a wide 

range of materials with good functional properties with a high degree of control over 

crystal morphologies.  

 
1.2. Crystallization in Confinement 
 
 

As defined by Whittaker et al. crystallization in confinement occurs if the following 

criteria are met: (i) the crystal phase transformation occurs from a supersaturated solution 

within a small confined volume (ii) diffusion of one or more of the building blocks of the 

new crystal phase is hindered2. Inspired by biological organisms and processes, research 

into the use of confinement to form “bio-inspired” materials have been widespread8. The 

complex nature of biological systems makes it difficult to study the processes and factors 

that influence biomineralization. By using artificial confined systems, new materials and 

structures can be synthesized according to the shape of the confinements. In addition, 

confinement allows regulation of the incorporation and spatial distribution of secondary 

phases in growing crystals9. Hence, suitable model systems are crucial in elucidating the 

mechanism of biomineral formation.  
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Porous templates such as polycarbonate track-etched membranes (PCTE) can be used 

to synthesize crystals in confined volumes. Loste et al. used the constrained volumes of 

the pores of PCTE membranes for the formation calcium carbonate10. This study looks at 

whether confinement can lead to the formation of single crystalline calcite from an 

amorphous precursor phase. PCTE membranes can be used to template the formation of 

rod-shaped calcite as opposed to the typical rhombohedral morphology. Membranes of 

four different pore sizes were used: 10 μm, 3 μm, 0.8 μm and 0.2 μm. At low 

temperatures of 4-6ºC, the crystallites isolated from the pore in the 10 μm membranes 

were irregularly shaped and polycrystalline in nature (Figure 1.2a). In contrast, the 

smaller pore sized membranes had particles that were rod-shaped, had smooth surfaces 

and were also single crystalline (Figure 1.2b-d). Additionally, calcite crystals growing on 

the surface of the membranes displayed typical rhombohedral morphology.  

When the mechanism of formation of the particles was studied both in situ in the 

membrane and after isolation from the membrane pores over varying incubation periods 

(between 5 min and 60 min), it could be observed that during the early stages of 

incubation, spherical particles indicative of amorphous calcium carbonate (ACC) coated 

the pore walls. When the particles were isolated from the early stages, such as up to 15 

min, hollow cylinders were formed with spherical ACC-like particles. On the other hand, 

longer incubation times led to complete cylinders with faceted ends indicative of 

crystalline calcite. In the 10 μm membranes, it could be observed that the pores did not 

completely fill with ACC particles resulting in polycrystalline, irregularly shaped 

particles even with longer incubation times. In addition, as pore size is decreased, the 

time required for the formation of crystalline rods also decreased. Hence, by using 
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constrained volumes, morphological control over the formation of calcite single crystals 

can be obtained. 

 

 

Figure 1.2: Scanning electron micrographs of calcium carbonate particles in different 
sized pores of polycarbonate track-etched membranes at low temperatures after 24-hour 
incubation time (a) 10 μm (b) 3 μm (c) 0.8 μm (d) 0.2 μm. For the largest pore size (a) 
irregularly shaped morphologies can be isolated from the pores and the crystallites are 
polycrystalline. For smaller pore sizes, single crystalline calcite rods could be obtained. 
Reprinted (adapted) with permission from Loste, E., Park, R. J., Warren, J. & Meldrum, 
F. C. Precipitation of calcium carbonate in confinement. Adv. Funct. Mater. 14, 1211–
1220 (2004). Copyright 2004 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim10. 
 
 
 
1.3. Incorporation of Secondary Phases into Single Crystalline Matrices  
 
 

Significant research has been conducted on using biomineralization as an inspiration 

to produce crystalline composite materials with improved functionality1,11. However, the 

factors that come into play for the incorporation of secondary phases into a matrix are 
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still not well understood. Calcite is an excellent model system to investigate 

biomineralization strategies12–14. For example, self-assembly of latex particles can form 

3D colloidal crystals that can be used to template single crystals of calcite15. These latex 

particles can subsequently be removed by tetrahydrofuran (THF) extraction to obtain 

porous calcite. In this case, surface functionalization of the polymer particles using a 

carboxylate group played a crucial role in effective ordered embedding of the particles 

into the crystalline matrix. In fact, studies have shown without surface functionalization 

of the colloidal crystal template, only irregular calcite crystals can be obtained16. 

Extraction of the secondary phase results in the formation of porous calcite and removal 

of the particles does not impart any additional functionality to the calcite.  

In addition to functionalized nanoparticles, gel matrices have been used as a means 

to incorporate secondary phases into single crystals. For example, when calcite is grown 

in a gel matrix, the gel fibers are often incorporated within the crystal without disrupting 

the single crystallinity17. The strength of the gel used plays a role in determining whether 

the gel becomes incorporated or not18. Liu et al. have shown that if the gel strength is 

high enough, such as in Agarose IB, gel fibers will incorporate within the calcite 

crystalline matrix18. On the other hand, if a weak gel such as agarose IX is used, the 

growing crystals exclude all foreign phases and grows without the incorporation of gel 

fibers. By incorporating different types of nanoparticles into gels, additional functionality 

can be imparted to single crystals grown within gel matrices19–21. For example, gels such 

as agarose loaded with nanoparticles of Au or Fe3O4 can used to impart color and 

paramagnetic properties, respectively, to calcite along with incorporation of gel fibers 

without significantly disrupting the crystal lattice (Figure 1.3)20. Whereas when 
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nanoparticles were added during solution growth of calcite no such occlusion of particles 

occurred. 

 

 

Figure 1.3: (a) Schematic to show the mechanism of nanoparticle loaded gels to form 
single crystalline calcite with incorporation of nanoparticles and gel fibers. Optical 
microscopy images of calcite grown in agarose IB gel under different conditions: (b) with 
no nanoparticles, the calcite grown in the gel has a rhombohedral morphology, is 
colorless and diamagnetic (c) when Au nanoparticles are loaded in agarose gel, the calcite 
grown is colored (d) when both Au and Fe3O4 nanoparticles are loaded in agarose gel, the 
calcite grown is colored and is also paramagnetic. Reprinted with permission from Liu, 
Y., Yuan, W., Shi, Y., Chen, X., Wang, Y., Chen, H., Li, H. Functionalizing Single 
Crystals: Incorporation of Nanoparticles Inside Gel-Grown Calcite Crystals. Angew. 
Chemie - Int. Ed. 53, 4127–4131 (2014). Copyright 2014 WILEY‐VCH Verlag GmbH & 
Co. KGaA, Weinheim20. 
 

While studies with calcite have been very informative, a disadvantage of calcite is 

that it is not a functional material and is not suitable for diverse applications. Similar 
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approaches of templating crystalline semiconductor oxide materials using latex particles 

have been well studied. For example, self-assembled latex particles can be incorporated 

into single crystals of ZnO and Cu2O to form three-dimensional ordered macroporous 

(3DOM) materials22. However, adding latex particles into semiconductor oxides also 

does not lead to additional functionality and the single crystalline 3DOM templates are 

often used for applications in photonic bandgap crystals and solar cells once the polymer 

particles are extracted23. Hence, the need arises to explore the incorporation of functional 

secondary phases that can improve the optical properties of semiconductor oxides. 

 

1.4. Incorporation of Plasmonic Nanoparticles into Semiconducting Oxides 
 
  

In the examples mentioned previously, a confinement based-approach using 

polycarbonate track-etched membranes can be used to control the morphology of single 

crystalline calcite to obtain rod-shaped calcite. However, even though calcite is a model 

biomineral for studying crystallization mechanisms, it is not a functional material for 

optoelectronic applications. Future work focused on designing crystal matrix/nanoparticle 

pairs where each of the components have a functional role can address the research gap. 

Typical morphologies of such heterostructures include core shell nanoparticles and pre-

synthesized semiconductor oxide nanostructures with decorated plasmonic metal 

particles24–29. In these heterostructures, both the components play a functional role and 

are promising materials for studying plasmonic metal-to-semiconductor oxide charge 

transfer for optoelectronic applications such as photocatalysis and photovoltaics26,27. In 

recent work from our group, arrays of plasmonic nanoparticles such as Au can be 

completely occluded into crystalline semiconductor oxide of Cu2O to form 
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heterostructures by utilizing a physical confinement-based approach using PCTE 

membranes30. This thesis aims to better understand this novel morphology of 

semiconductor oxide/plasmonic nanoparticle heterostructures by studying the mechanism 

of formation of the structures as well as diversifying the possible library of material pairs. 
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CHAPTER 2  
 
Using Physical Confinement to Synthesize Semiconductor Oxide/Plasmonic  
Nanoparticle Heterostructures* 
 
* Co-contributors of this chapter include Dr. Abby R. Goldman who performed the 
Cu2O/Au composite growth and Jeffrey X. Zheng who performed the ZnO/Au growths  
 
 
2.1 Introduction and Experimental Design 
 
2.1.1 Introduction 
 
 Semiconductors such as cuprite (Cu2O) and zinc oxide (ZnO) are promising 

materials for many optoelectronic applications such as in photovoltaic devices and 

photocatalysis1. Not only are cuprite and zinc oxide attractive materials due to their wide 

variety of applications, they are also favorable due to their earth abundance, low cost and 

multitude of synthesis pathways2–4. One of the challenges for using them in 

optoelectronic applications, however, is that the optical absorption of these materials in 

the visible light spectrum is low. This property results in inefficient conversion of light to 

energy. Much research has been conducted to find ways to increase the optical absorption 

of semiconducting oxides by using plasmonic nanoparticles of noble metals such as gold 

(Au), silver (Ag), and platinum (Pt)5. Plasmonic nanoparticles possess a unique property 

called Localized Surface Plasmon Resonance (LSPR)6. LSPR enhances electromagnetic 

fields after the absorption of light, which is confined in a small area around an isolated 

nanostructure. Hence incorporating plasmonic nanoparticles within a nanostructured 

semiconducting oxide can enhance the carrier density and overall optical absorption of 

the heterostructure due to the LSPR effect7–9.  
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 There are several well-known morphologies of semiconductor/plasmonic 

nanoparticle heterostructures that have been studied in the past5. Among these, core-shell 

nanostructures that have a plasmonic metal core and a semiconductor oxide shell have 

gained considerable attention due to the synergistic optoelectronic properties of the two 

components. For example, core-shell heterostructures with an Au core and Cu2O shell 

have been widely studied with good control over their overall morphologies10–12. The 

main limitation of these structures is that a majority of them are only able to encapsulate 

single plasmonic particles. Even though both the components are in intimate contact with 

each other, having a single nanoparticle per structure, limits the plasmon enhancement. 

Besides core-shell structures, semiconductor nanostructures decorated with plasmonic 

metals have also been widely studied13–17. There are several ways to prepare such 

heterostructures. For example, molecular linkers such as long chain organic ligands can 

be used to attach pre-synthesized plasmonic nanoparticles onto the surface of pre-

synthesized semiconductor nanostructures using mechanical agitation18,19. Even though 

this process is simple, as it allows for both the components to be prepared separately to 

make a wide variety of heterostructures, this method poses the problem of less efficient 

plasmon enhancement due to the presence of an insulating barrier at the interface20. In 

another approach, secondary phases such as functionalized nanoparticles are trapped 

within single crystal matrices grown from aqueous solutions21. For example, magnetite 

nanoparticles functionalized by a diblock copolymer can be trapped within a single 

crystalline ZnO host in a simple, one-pot synthesis22.  

The degree of incorporation and arrangement of plasmonic nanoparticles within 

the semiconductor plays a major role on the final optoelectronic properties of the 
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heterostructure1,5,23. In addition to the these variables, one of the major challenges that 

dictate the performance of semiconductor/plasmonic nanoparticle heterostructures is the 

presence of long chain organic ligands that act as surfactants and stabilize plasmonic 

nanoparticle assemblies24,25. Organic ligands that act as spacers between nanoparticles 

prevent aggregation of those particles but are also electrically insulating, resulting in less 

direct contact at the semiconductor and metal interface.  In photocatalytic applications, 

presence of long chain organic ligands and polymer molecules can result in significant 

losses in catalytic activity as these molecules can block active sites by obstructing access 

of reagents and also strongly interact with the metal surfaces. Hence, new 

semiconductor/plasmonic metal heterostructures that are free of organic ligands and in 

which multiple plasmonic metal nanoparticles can be integrated can open up new 

possibilities for enhanced optoelectronic properties.  

 As described in Chapter 1, crystal growth in confinement is one approach to 

achieving the incorporation of secondary phases such as plasmonic nanoparticles into 

semiconducting oxides such as ZnO and Cu2O. To understand how confinement can 

promote incorporation, consider the role of crystallization pressure, the force a growing 

crystal exerts on its surroundings, in repelling foreign particles during unrestricted 

solution growth26. In order to counterbalance the repulsive crystallization pressure, 

physical confinement can be used to immobilize secondary phases and force 

incorporation of the particles by the growing crystals. For example, previous work in our 

group demonstrated a method of growing Cu2O nanorods in polycarbonate track-etched 

(PCTE) membranes to entrap Au nanoparticles within a semiconducting oxide matrix of 

Cu2O27. In that method, vapor diffusion of a reducing agent, hydrazine, is used to 
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crystallize Cu2O from an aqueous solution in the membrane pores that are previously 

loaded with Au. Using this technique, Au nanoparticle assemblies can be incorporated 

within Cu2O without disrupting the crystallinity of the semiconducting oxide as can be 

observed by the presence of continuous lattice fringes at the metal-semiconductor 

interface.  

2.1.2 Experimental Design 

In the current work, we expand the library of composite materials that can be 

grown using the PCTE membrane method. In this work, we use both cuprite and zinc 

oxide as the semiconductor “host” material, and Au, Ag, and Ag-Au nanoparticles as the 

plasmonic “guests”.  Cu2O is a p-type semiconductor and has a direct band gap of 

approximately 2.17 eV making it a suitable material for applications in solar cells28,29, 

photocatalysis30 and as electrode materials in batteries31. On the other hand, ZnO is an n-

type semiconductor with a direct, wide band gap of 3.37 eV32. ZnO also has a variety of 

applications in photovoltaics such as dye-sensitized solar cells (DSSCs)33, battery 

electrodes34 and gas sensors35. 

We first study the growth of Cu2O rods with entrapped Au nanoparticles 

(Cu2O/Au) by vapor diffusion to dive deeper into the formation mechanism of the 

nanostructures. Depending on the precise synthesis protocol and using a degas step, the 

spatial arrangement of the entrapped nanoparticles can be tuned. We then use this 

strategy to grow ZnO/Au nanorods within the pores of PCTE membranes. Finally, we 

report the diversity of this approach to incorporate Ag nanoparticles to form Cu2O/Ag 

and also Cu2O/Ag-Au heterostructures. Depending on the solution chemistry and the 

compatibility of the materials used to form the composites, this method presents a 
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versatile physical confinement-based approach to form functional 

semiconductor/plasmonic nanoparticle heterostructures. 

2.2 Experimental 
 
2.2.1 Materials 
 

All materials were used as received without further purification.  Copper (II) 

sulfate pentahydrate (98%, Sigma-Aldrich), sodium citrate tribasic dihydrate (>98%, 

Sigma-Aldrich), sodium hydroxide pellets (99.2%, Fisher), hydrazine hydrate (78-82%, 

Sigma-Aldrich), zinc nitrate hexahydrate (98%, Sigma-Aldrich), ammonium hydroxide 

solution (28-30%, VWR), dichloromethane (DCM, 99.8%, Sigma-Aldrich), ethanol 

(100%, Pharmco-Aaper), gold (III) chloride trihydrate (99.99%, Aldrich), silver nitrate 

(99.9%, Alfa Aesar), tannic acid (Sigma-Aldrich), polycarbonate track-etched 

membranes (Whatman NucleporeTM, 25 mm membrane diameter, 0.05 μm pore size). 

Water passed through a Millipore system ( 𝜌 = 18.2 MΩ) was used in all experiments. 

2.2.2 Silver Nanoparticle Synthesis  

Citrate stabilized silver nanoparticles were synthesized using a method adapted 

from Bastús et al36. Briefly, a three-necked flask containing 79 mL of deionized water 

and 17.5 mL of 5 mM trisodium citrate (SC) solution was brought to a boil while stirring 

vigorously under reflux. After boiling had commenced, 1 mL of 2.5 mM tannic acid was 

added to the flask and the solution was heated further for 15 min. Subsequently, 1 mL of 

25 mM AgNO3 was added to the solution. The solution immediately changed color to 

bright yellow, after which the solution was quenched on ice for 30 min. The resultant Ag 

NPs were used without any further purification.  
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2.2.3 Gold Nanoparticle Synthesis 
 

Citrate-stabilized gold nanoparticles were synthesized using the Turkevich 

method37. Briefly, 50 mL of a 3.55 × 10−4 M HAuCl4 solution was brought to a boil while 

stirring under reflux. After boiling commenced, 1.5 mL of 1 w/v% trisodium citrate 

solution was added to the solution. The solution color progressed from colorless to grey 

to purple to deep red within 5 min. The solution was refluxed for an additional 30 min. 

After cooling in air for 30 min, the particles were dialyzed (MWCO = 3.5K) against 

deionized water balanced to pH 10 using 1 M NaOH with three exchanges over the 

course of 72 h.  

2.2.4 Loading Nanoparticles into Membrane Pores 
 

A vacuum filtration process was used to load the nanoparticles into the pores of 

the PCTE membranes using a previously published method from our group27. Briefly, 

aliquots (0.4 mL x 25) of 10 mL nanoparticle solution are pulled through the membrane 

pores by vacuum filtration. The membrane was then flipped over, and filtration was 

repeated with the same solution. It was ensured that the membrane did not completely dry 

during the loading process to prevent any solid metal deposits. The particle-loaded 

membranes were stored in the nanoparticle solution until use in crystallization (< 3 days). 

Following loading, the membrane is degassed in 10 mL of the ionic crystal growth 

solution (copper sulfate solution for Cu2O and zinc nitrate solution for ZnO) for the 

desired amount of time (ranging from no degas to 24 hr degas) prior to nanorod growth. 

For Ag-Au loading: For Ag and Au loading, 5 mL of Ag nanoparticle solution was 

filtered through the PCTE membranes using the above method first, followed by loading 
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5 mL of Au nanoparticle solution using the same method. The degassing of membranes 

was carried out immediately after Ag-Au loading without storage overnight.  

2.2.5 Crystallization of Cu2O/NP Composites in PCTE Membranes 
  

Crystallization of Cu2O is carried out by vapor diffusion of hydrazine hydrate into 

a modified Fehling’s solution as previously established27. The nanoparticle loaded 

membrane is degassed under vacuum in a glass vial containing copper sulfate solution 

(10 mL, 0.068 M) for preferred amount of time (ranging from no degas to 24 hr degas) 

prior to Cu2O growth. In a new glass vial, a copper complex was made by mixing 2 mL 

each of copper sulfate hexahydrate (0.068 M), trisodium citrate (0.074 M) and sodium 

hydroxide solution (0.12 M). The particle-loaded membrane is added to the basic copper 

citrate solution after degassing. Hydrazine was added to a petri dish (3.5 mL of 80.2% 

hydrazine hydrate with 16.5 mL water) and subsequently, the vial containing the loaded 

membrane is balanced on a half glass slide over the petri dish inside the double-walled 

reaction chamber. The reaction is carried out with the internal temperature of the reactor 

at 64°C for 8 hours after which the membrane turns red and the solution turns from bright 

blue to pale grey. 

2.2.6 Crystallization of ZnO/NP Composites in PCTE Membranes 
 

Nanoparticle loaded membranes are degassed under vacuum in zinc nitrate 

solution (10 mL) for preferred amount of time (ranging from no degas to 24 hr degas) 

prior to ZnO growth. In a glass vial, 10 mL of 50 mM zinc nitrate solution is added 

followed by loaded membrane after degassing. Using a similar method as the Cu2O 

growth, ZnO is crystallized in the membranes pores by using vapor diffusion of 20 mL of 
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0.72 wt% ammonium hydroxide and the reaction is carried out at 60°C for 24 hours after 

which white precipitates are observed on the membrane and the solution is clear.  

2.2.7 Isolation of Nanorods from Membranes 
 

After crystallization using vapor diffusion, membranes were removed from 

growth solution and rinsed with DI-H2O (3 times) and ethanol (2 times) until the solution 

runs clear. This washing is followed by gentle scraping of the membrane with weigh 

paper to remove bulk crystals on the membrane surface. Finally, the membranes were air 

dried for 10 min. The nanorods are isolated from the membranes by dissolving the 

polycarbonate in dichloromethane. The products were centrifuged (11,000 g, 5 min), 

rinsed in dichloromethane (3 times) and ethanol (2 times), and redispersed. Microscopy 

samples were prepared by drop casting these solutions directly on Formvar coated and/or 

lacey carbon transmission electron microscope (TEM) copper grids.  

2.2.8 Scanning Electron Microscopy (SEM) 
 

Scanning electron microscopy was performed using a Mira3 LM field emission 

scanning electron microscopy (SEM) at 10 keV. To prevent charge buildup, samples are 

carbon coated prior to imaging. Imaging is done using both secondary electrons (SE) and 

backscattered electrons (BSE) and analyzed using ImageJ. Brighter regions in BSE 

images are indicative of higher Z materials.  

2.2.9 Transmission Electron Microscopy (TEM) 
 

Bright-field transmission electron microscopy is performed using a FEI T12 Spirit 

TEM operating at 120 kV and images are analyzed using ImageJ.  
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2.2.10 UV/Vis Spectroscopy 
 

Optical absorption spectra of the nanoparticle solutions were measured from 300-

700 nm using a Cary 5000 UV-Vis-NIR Spectrophotometer. 

 
2.3 Results and Discussion 
 
2.3.1 Nanorod Growth 

 
Before looking at the growth of the composites, we first observe the growth of the 

semiconducting oxides in the membranes. Firstly, empty PCTE membranes without any 

nanoparticles are placed in cuprite and ZnO growth solutions separately to crystallize 

Cu2O and ZnO. To get a better understanding of the how the nanorod growth occurs, we 

dissolved the membrane before scraping the surface adhered crystals.  TEM and SEM 

images of these samples show faceted crystals of Cu2O and ZnO with multiple rods 

growing off of one side (Figure 2.1a & 2.1b). If instead, the membrane is left intact after 

growth and scraped to remove surface adhered crystals, we can observe the growth 

patterns of the nanorods in the membrane.  Backscattered electron images reveal patches 

of bright spots on the membrane where crystals of ZnO had covered the surfaces (Figure 

2.1c, d).   

Based upon these observations of 1) faceted crystals with attached nanorods (Fig. 

2.1a, b) and 2) patches of nanorods grown within the membranes (Fig. 2.1c, d), we 

propose that nanorods form in the membrane pores by overgrowth off of surface adhered 

crystals (Figure 2.2). During the vapor diffusion process, crystals of the semiconductor 

oxide form in solution. These crystals have roughly micron-sized edges and also have flat 

facets. After crystallizing in the solution, the flat facets fall on the surface of the 

membrane and continuation of the crystal growth results in the formation of the nanorods 
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in the pores. Each bulk crystal covers a sizeable area of the membrane surface at once 

and hence causes a large number of pores to be filled by overgrowth (Figure 2.1c). 

 

 
 
Figure 2.1. (a) TEM image of a single crystal of Cu2O showing multiple rods that 
overgrow off of the flat facet (b) SEM image of a single crystal of ZnO showing multiple 
rods still attached (c) Secondary electron SEM image of ZnO grown in a membrane after 
scraping to remove surface adhered crystals (d) Corresponding backscattered electron 
image shows patches of bright regions indicating higher Z materials than the carbonate 
membrane. The patches appear due to surface adhered crystals overgrowing and filling 
multiple pores.  
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Figure 2.2. Proposed mechanism for membrane templated nanorod growth shown 
schematically via cross section of a track-etched membrane. (a) Crystals grow in solution 
and fall onto the membrane surface and cover pores that are loaded with nanoparticles. 
Not all the pores get loaded with nanoparticles (b) Growth continues off of surface 
adhered crystals and fills the membrane pores forming cylindrical rods. (c) Scraping the 
membrane surface gently removes the larger crystals, leaving nanorods in the membrane 
pores, which can be isolated by dissolving the membrane.  
  

 

Based upon this proposed mechanism by which nanorods form, we can say that 

materials that form large, faceted bulk crystals under ambient conditions can be used to 

expand the library of possible semiconductor matrices. PCTE membranes are 

inexpensive, commercially available and a good technique to template the growth of 

semiconductor/plasmonic metal heterostructures. However, it has to be ensured that the 

synthesis conditions required for the growth are somewhat mild as the membrane pores 

get distorted at temperatures above 110°C and the membranes dissolve at high solution 

pH. Vapor diffusion synthesis of both Cu2O and ZnO fulfill these criteria.  

 

2.3.2 Entrapping Gold Nanoparticles in Rods 
 
We next aim to immobilize Au nanoparticles in the membrane pores and form 

composite nanorods. This was achieved by mechanically filtering the plasmonic 

nanoparticle solution through PCTE membranes prior to vapor diffusion growth of the 

semiconductor oxides. Absorption spectrum obtained for the citrate-stabilized Au 
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nanoparticles show the characteristic plasmon resonance peak for gold at 525 nm (Figure 

2.3). When the spectrum of the effluent is obtained after loading a membrane with 

particles by vacuum filtration, the intensity of the peak is seen to decrease due to decrease 

in nanoparticle concentration suggesting effective loading of nanoparticles into 

membrane pores.  

We think that nanoparticles get trapped within the membrane pores due to 

numerous particles attempting to flow through pores at the same time. As a result, they 

clog the pores and form plugs of particles. It is very challenging to determine the factors 

that come into play in the immobilization of nanoparticles through small channels. In 

depth studies into filtration suggest that particles can assemble in channels or pores when 

certain ratios of particle size to pore size are met38. In the case of our synthesized Au 

nanoparticles, the nanoparticles have a diameter of roughly 16±1 nm and the pore sizes 

are ~50 nm. However, other factors such as concentration of the solution, flow rate and 

ionic strength of the solution may also have interesting effects on pore filling which we 

have yet to explore.  

 
Figure 2.3: Absorption spectrum of Au NPs reveals its characteristic plasmon resonance 
peak at 525 nm (black). Decrease in intensity of the characteristic plasmon peak suggests 
that nanoparticles were loaded onto membrane (red).  
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By introducing a degas step prior to the growth of Cu2O or ZnO we are able to 

tune the spatial distribution of the nanoparticles over the length of the rod. For this step, a 

PCTE membrane that is loaded with nanoparticles is placed in the respective ionic 

solution, copper sulfate solution for Cu2O and zinc nitrate solution for ZnO, and then 

degassed under vacuum for the preferred amount of time (between 0 to 24 hours). When 

PCTE membranes loaded with Au nanoparticles undergo vapor diffusion to grow Cu2O 

we can see that Cu2O/Au composite rods form where the nanoparticles are found as 

“plugs” that span only part of the total length of the rod in the central region if the 

membrane is degassed for one hour (Figure 2.4a). Some empty rods are also seen since 

not all pores are clogged with nanoparticles. When degassing for greater than 12 hr, the 

nanoparticles are seen to be dispersed and spread along the majority of the length of the 

rod (Figure 2.4b). We hypothesize that upon loading, Au nanoparticles are first entrapped 

in a plug-like structure and upon prolonged degas in an ionic solution, the nanoparticle 

array gets reorganized and forms a more dispersed configuration. During the degas step, 

we propose two ways by which the nanoparticles rearrange: (1) repulsive electrostatic 

forces due to the presence of ions pushes nanoparticles away from each other, and (2) as 

ionic solution is pulled through the pores of the membrane, removal of air bubbles in the 

pores mechanically disrupts the nanoparticle array and causes rearrangement. To 

investigate the effect of degassing further, future experiments in ionic solutions ranging 

from low to high ionic strengths as well as degassing in de-ionized water can be 

performed to confirm if the ionic strength of the solution during degas is a factor in 

tuning nanoparticle arrangement.  
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Figure 2.4: (a) TEM of Cu2O/Au NP composite rods grown where the nanoparticles are 
found as “plugs” that span part of the total length of the rod after 1 hr degas. (b) TEM of 
Cu2O/Au NP composite rods where the nanoparticles are dispersed along majority of the 
length of the rod after degassing for >12 hr. 

 
 

In case of ZnO rods, we can see that eliminating the degas step prior to vapor 

diffusion leads to the formation of “plugs” of just nanoparticles (Figure 2.5a). Along with 

plugs of nanoparticles, some empty rods are also observed. It may be that the 

nanoparticle array is somehow fused or glued together by the ionic growth solution but 

the mechanism by which these plugs stay intact is not fully understood. When 

introducing a short, 1 hr degas prior to ZnO growth, complete disruption of the isolated 

plugs of nanoparticles occurs and instead, “clusters” of nanoparticles are observed in and 

around ZnO rods (Figure 2.5b). Furthermore, when degassed for greater than 12 hr, 

nanoparticles are similarly dispersed along the length of the rod as for Cu2O/Au (Figure 

2.5c). We hypothesize that rods in which the nanoparticles are well-dispersed along the 

length of semiconductor matrix will provide enhanced LSPR effect as there is more 

surface area of the nanoparticles in contact with the semiconductor to allow greater 

charge transfer.  
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Figure 2.5: Representative images of ZnO/Au nanorods obtained from varying the length 
of degas times: (a) no degas forms many isolated “plugs” of nanoparticles as well as 
empty rods (not shown) (b) short, 1 hr degas forms “clusters” of nanoparticles around 
ZnO rods (c) prolonged, >12 hr degas causes dispersed nanoparticles in rods. We can see 
that the spatial distribution of nanoparticles within the rods changes as a function of the 
degas time. 
 
 
2.3.3 Entrapping Silver Nanoparticles in Rods 
 

With more insight about the mechanism by which nanorods grow in pores and 

with the ability to tune the spatial distribution of nanoparticles in the membrane pores, we 

next aim to incorporate silver nanoparticles into Cu2O and ZnO rods. The silver 

nanoparticle synthesis was adapted from a method by Bastús et al36. The synthesized 

nanoparticles have a diameter of roughly 24±7nm as analyzed by ImageJ (Figure A1). 

Similar to Au nanoparticle loading, when Ag nanoparticles are loaded onto PCTE 

membranes the intensity of the characteristic plasmon resonance peak for silver at 400 

nm (Figure 2.6) is seen to decrease, suggesting effective loading of nanoparticles into 

membrane pores. 

 

Figure 2.6: Absorption spectrum of Ag NPs reveals its characteristic plasmon resonance 
peak at 400nm (black). Decrease in intensity of the characteristic plasmon peak suggests 
that nanoparticles were loaded onto membrane (yellow).  
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When Ag nanoparticles are incorporated to form Cu2O/Ag composites, it is 

observed that foregoing the degas step causes nanoparticles to be entrapped across 

majority of the length of the rod as well as across the entire diameter of the rod. On the 

other hand, it is also observed that these rods have a large number of surface defects or 

“notches” (Figure 2.7a). During the loading process, since the nanoparticles are clogged 

across the entire diameter of the pores, poor overgrowth of the bulk crystals into the pores 

results in more surface defects. Due to the defects, the rods are more susceptible to 

fracture at the defect sites and as a result on average, shorter rods are observed. 

Increasing the degas times to greater than 12 hours results in higher aspect ratio rods. 

When the membrane is degassed for 18 hours prior to growth, the nanoparticles are found 

across the entire length and diameter of the rod, and in this case fewer surface defects are 

observed (Figure 2.7b). Finally, with 24 hour degas, the particles are seen to arrange in 

long chains in the central region of the rods (Figure 2.7c). The surface of the rods appears 

to be smoother with fewer defects due to better overgrowth of bulk crystals into the 

pores. In this case as well, prolonged degas causes rearrangement of the nanoparticles 

trapped in the membrane pores. 
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Figure 2.7: Representative TEM images of Cu2O/Ag nanorods obtained from varying the 
length of degas times: (a) no degas forms rods where nanoparticles are found along the 
majority of the length and also the diameter of the rods (indicated by longer red lines). 
These rods have a large number of “notches”, or surface defects (indicated by green 
arrows) (b) 18 hr degas forms rods of higher aspect ratios and nanoparticles are found 
along the majority of the length and also the diameter of the rods (c) prolonged, 24hr 
degas causes nanoparticles to be dispersed in chains along the central region in rods 
(indicated by shorter red lines). There are also fewer surface defects in this case. 
 
 
 When Ag nanoparticles are immobilized in the pores of PCTE membranes to form 

ZnO/Ag composites, no nanoparticles can be observed in the TEM images even with 

varying degas times. Foregoing the degas step in this case produces short, flaky rods 

(Figure 2.8a). When the membrane is degassed for 18 hours, longer rods are produced 

without any nanoparticles (Figure 2.8b). Finally, with 24 hour degas even though no 

nanoparticles were occluded in the matrix, the ZnO rods formed on average had the 

highest aspect ratio (Figure 2.8c). Hence, stability tests for Ag nanoparticles were 

conducted to see the effect of the reagents on the particles. It was observed that when Ag 

nanoparticles were added to ammonium hydroxide solution, the bright yellow color of the 

particles disappear within a few hours indicating that they dissolve in the basic solution 

(Figure A2a). During the degas step, zinc nitrate solution is pulled through the membrane 

pores under vacuum for the desired amount of time. When looking at the stability of Ag 

nanoparticles in zinc nitrate, the particles are seen to crash out in the solution as observed 

by the brown precipitates (Figure A2b). Both the base and salt used in this reaction are 

not compatible with Ag nanoparticles. Therefore, in order to diversify the possible pairs 

of semiconductor oxide and plasmonic nanoparticles, it is important to first confirm the 

compatibility of the materials used to preserve the viability of the final heterostructure. 

Longer degas times mean that the pores are exposed to more ions in the growth solution 
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for longer time periods. Thus, greater diffusion of ions in the pores produces a modified 

ionic environment which supports the formation of higher aspect ratio rods.  
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Figure 2.8: Representative TEM images of rods obtained from growth of ZnO when Ag 
nanoparticles are used with increasing of degas times. Silver nanoparticles are not 
suitable for use with the ZnO system hence no nanoparticles can be seen in the rods (a) 
no degas produces short, flaky rods (b) 18 hr degas forms rods of higher aspect ratio  
(c) prolonged, 24 hr degas produces rods with highest aspect ratios. 
 
2.3.4 Entrapping Gold-Silver Nanoparticles in Rods 

 Gold and silver nanoparticles are excellent plasmonic particles in particular 

because of their localized surface plasmon resonance (LSPR), which in turn greatly 

enhances the sensitivity of Raman scattering. Using a mixed gold and silver nanoparticle 

system, a considerably stronger surface enhanced Raman scattering (SERS) can be 

observed as opposed to the monometallic counterparts39. This can allow enhanced 

properties for photocatalytic applications and increase the efficiency of photoelectric 

conversion in solar cells by expanding the wavelength region for SERS.  

When equal volumes of gold and silver nanoparticles are mixed without heating 

and without the presence of the reducing agent hydrazine, two separate plasmon peaks for 

Au (~530 nm) and Ag (~410 nm) can be observed (Fig. 2.9). However, when this mixture 

is heated in the presence of hydrazine, a single peak within the intermediate region at 496 

nm is observed, which indicates the formation of Au-Ag alloy40,41. Au-Ag nanoparticles 

are well known for their catalytic activities42,43.   

 
 
Figure 2.9. (a) Absorption spectrum of Au NPs reveals its characteristic plasmon 
resonance peak at 525 nm. (b) Absorption spectrum of Ag NPs reveals its characteristic 

(a) 
(b) 

(c) 

(d) 
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plasmon resonance peak at 400 nm. The broadness of the peaks indicates some 
polydispersity. (c) Absorption spectrum of a solution of equal volumes of Ag and Au 
nanoparticles reveals the two separate plasmon peaks for Ag and Au. (d) When this 
solution is exposed to heat and hydrazine, a single peak is observed at 496 nm indicating 
the presence of an Ag-Au alloy.  
 

To observe the effects of a mixed Ag and Au nanoparticle system, Ag and Au 

nanoparticles are loaded sequentially onto PCTE membranes. First, 5 mL of Ag 

nanoparticle solution was loaded onto a membrane followed by 5 mL of Au nanoparticle 

solution. After the sequential loading of the nanoparticles, the membrane is degassed for 

preferred amount of time (ranging from no degas to 24 hr degas). The loaded and 

degassed membranes are then placed in the Cu2O growth solution to allow the formation 

of Cu2O/Ag-Au composites. Similar to the single nanoparticle system of Cu2O/Ag, 

foregoing the degas step in the case of Cu2O/Ag-Au forms rods with many surface 

defects where nanoparticles are packed along the entire length and diameter of the rods 

(Figure 2.10a). Increasing degas time to greater than 12 hours results in the nanoparticles 

being more dispersed along the length of the rods while decreasing the number of surface 

defects (Figure 2.10b). Finally, degassing for 24 hours results in high aspect ratio rods 

due to the diffusion of more ions adjacent to the pore surfaces (Figure 2.10c). Hence, 

degassing the membrane prior to vapor diffusion allows us to carefully control the spatial 

arrangement of nanoparticles trapped in the membrane pores. Future experiments on 

measurement of optoelectronic properties can allow us to gain better understanding about 

how the spatial arrangement plays a role in affecting the properties. We hypothesize that 

by using a mixed system such as Au-Ag, we will be able to access enhanced LSPR 

effects for optoelectronic applications. 
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Figure 2.10: Representative images of Cu2O/Ag-Au nanorods obtained from varying the 
length of degas times: (a) no degas forms rods where nanoparticles are found along the 
majority of the length and also the diameter of the rods. These rods have a large number 
of “notches”, or surface defects (b) 18 hr degas forms shorter rods with nanoparticles 
dispersed along the majority of the length with fewer notches (c) prolonged, 24hr degas 
forms high aspect ratio nanorods with nanoparticles dispersed in chains along the central 
region in rods. There are also fewer surface defects in this case. 
 
 
2.4 Conclusions  
 

We demonstrate a versatile method for the growth of nanorods with occluded 

nanoparticle arrays using a physical confinement-based approach using polycarbonate 

track-etched membranes. By studying the growth of Cu2O and ZnO in the membranes we 

learn that nanorods form within membrane pores by overgrowth off of crystals that grow 

in solution. We showed successful occlusion of Au nanoparticles without the use of long 

chain, insulating ligands to form Cu2O/Au and ZnO/Au composites. Furthermore, we are 

able to tune the spatial distribution of nanoparticles within the nanorods by allowing the 

nanoparticle loaded membrane to degas in an electrolyte solution. We hypothesize that by 

changing the distribution of the nanoparticles within the semiconductor matrix, a finer 

control over the optoelectronic properties of these heterostructure composites can be 

achieved. Finally, we further expanded the repertoire of possible structures by entrapping 

Ag nanoparticles in Cu2O to form Cu2O/Ag and also a mixture of Ag and Au NPs in 

Cu2O to form Cu2O/Ag-Au heterostructures. ZnO/Ag nanoparticles are not viable 

because silver nanoparticles are not stable in the growth solutions used for ZnO 

crystallization. Further work should focus on property measurements of these unexplored 

heterostructure geometries and determine how tuning spatial arrangement of the 

plasmonic metals can modify both the optical absorption as well as the metal-to-

semiconductor energy transfer of the composites. The ability to create dispersed 
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plasmonic nanoparticle arrays without the use of molecular linkers is promising for 

further improvements to the optoelectronic properties due to increased absorption44. 
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APPENDIX 1 

 

Figure A1: Citrate stabilized silver nanoparticles were prepared by a method adapted 
from Bastús et al36 (diameter roughly 24±7nm).  

 
 

     
 
Figure A2: (a) Immediately after silver nanoparticles (bright yellow) are added to 
ammonium hydroxide and zinc nitrate solutions (b) After ~3 hours, the pale-yellow color 
of silver nanoparticles turns colorless indicating that the nanoparticles dissolve in 
ammonium hydroxide. Additionally, the nanoparticles are seen to crash out in zinc nitrate 
solution.  

(a) (b) 
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CHAPTER 3 
 
Conclusion and Future Work 
 
 
 This thesis aimed to demonstrate the versatility of a physical confinement-based 

approach to synthesize semiconductor/plasmonic nanoparticle composites. By mimicking 

naturally occurring processes that are easily accessible to bio-organisms, this work aims 

to use biomineralization as an inspiration and translate it into the work that we do in the 

laboratory to produce functional materials with enhanced properties. We use 

polycarbonate track-etched membranes to entrap nanoparticles in the physical confines of 

the pore channels. Prior to this thesis, this method was applied to achieve nanorods of 

Cu2O with plasmonic Au nanoparticles entrapped in the semiconductor matrix1. In order 

to prove that this method can be used to grow other materials, we applied our knowledge 

and understanding of the crystal growth mechanism to also grow ZnO rods with Au 

nanoparticles trapped within them. By using a crucial degas step in the synthesis process, 

we are able to tune the spatial distribution of the nanoparticles along the length of the 

rods. By using shorter degas times we find that Au nanoparticles are in the form of 

“plugs” or “clusters” that are localized in and around the nanorods. On the other hand, 

increasing the degas time to greater than 12 hours leads to the rearrangement of 

nanoparticles in the form of chains along the length of the rod.   

 With more knowledge about nanorod formation in membrane pores and a better 

grasp on tuning the spatial distribution of nanoparticles, I next used Ag nanoparticles to 

form new semiconductor/plasmonic nanoparticle pairs. Solution chemistry plays a critical 

role in determining which materials and heterostructures can be achieved using this 

synthetic approach. I was able to successfully incorporate Ag nanoparticles within Cu2O 
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to form Cu2O/Ag structures and also tune the spatial arrangement of nanoparticles within 

the rods by varying degas times. On the other hand, ZnO/Ag composites could not be 

synthesized because the Ag nanoparticles were not stable in the growth solutions 

required. Hence, in order to successfully diversify the repertoire of possible structures, it 

is first necessary to determine the compatibility of the materials used for synthesis. 

Furthermore, by using an Ag-Au alloy I was also able to synthesize Cu2O/Ag-Au 

heterostructures and tune the nanoparticle dispersity within the matrix. While further 

work is needed to determine the optoelectronic properties of these heterostructures, Ag-

Au alloy particles have previously been researched because of their enhanced catalytic 

effect2,3. Aside from tuning the spatial arrangement of nanoparticles within the rods by 

using varying degas times, longer degas times can also be used to obtain higher aspect 

ratio rods. By degassing for longer periods of times, the local ionic environment in and 

around pores is modified due to the diffusion of ions which supports the formation of 

longer rods.  

Although by degassing nanoparticle loaded membranes, we are able to control the 

nanoparticle spatial dispersity in the pores, more information about what aids 

nanoparticle trapping in the pores as well as the factors that affect spatial dispersity can 

give us a better control of the degas step. We need to consider the concentration of the 

nanoparticle solution, flow rate during vacuum filtration of nanoparticles, as well as the 

ionic strength of the salt solution in which the membrane is degassed. I think that the 

presence of ions in the salt solution exerts electrostatic forces, which aid the dispersion of 

the nanoparticles during prolonged degas. Hence, by degassing membranes in de-ionized 

water, as well as salt solutions of increasing ionic strength, we could confirm if ionic 
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strength is a factor during degas to gain more insight on the electrostatic forces that come 

into play during this crucial step.  

Thus far, we have only considered confinement of nanospheres in our approach of 

producing functional nanocomposites. This choice was mainly due to the ease of 

synthesis and our group’s expertise with nanospheres. However, expanding this approach 

even further to incorporate other shapes of nanoparticles such as cubes, rods, disks etc. 

can give us interesting perspectives into particle confinement and incorporation. 

Additionally, anodic aluminum oxide (AAO) membranes could also be used instead of 

PCTE membranes to template the synthesis of the heterostructures. AAO membranes 

have been promising for the synthesis of functional nanostructures due to their regular 

pore density, pore diameters and ease of synthesis in the lab4. These membranes are also 

stable at higher temperatures, which can open up possibilities for new composite 

materials.  

A future goal for this work includes measurement of optoelectronic properties of 

the heterostructures formed by our physical confinement-based approach. We 

hypothesize that optoelectronic properties of the structures with more dispersed 

nanoparticles would be greater as there is more surface area of plasmonic nanoparticles in 

contact with the semiconductor to allow charge transfer. The simplest method to 

determine enhanced optical properties due to presence of plasmonic nanoparticles is to 

measure absorption or extinction spectra of the different heterostructure morphologies 

using UV-Visible Spectroscopy. This method can help us better understand the effects of 

tuning the spatial arrangement of nanoparticles in the composites and will ultimately aid 
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in the pursuit of constructing new and improved structures for a variety of optoelectronic 

applications.   
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